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Abstract   iii 
ABSTRACT 
 
Over the past decade, membrane technology has become a worldwide implemented, acknowledged 
separation process. Although membrane bioreactors (MBRs) still require further research efforts re-
garding operating and economic efficiency, they offer considerable advantages compared to conven-
tional activated sludge systems, such as smaller foot print, modular construction, and superior effluent 
quality. They are especially preferred in cases where stringent water quality requirements have to be 
guaranteed. 
One of the main challenges in the operation of MBRs is membrane fouling, causing flux decrease and 
the increase of the transmembrane pressure. Its control and prevention result in high manpower re-
quirements as well as in increased electrical power consumption and the need for cleaning chemicals. 
Therefore, most MBR researches aim to identify, investigate, and control membrane fouling. 
The research on fouling reduction and permeability loss in MBRs was carried out at three MBR pilot 
plants with synthetic and real wastewater. On the one hand, the effect of mechanical cleaning with an 
abrasive granular material on the performance of a submerged MBR process was tested. Additionally, 
scanning electron microscopy (SEM) measurements and integrity tests (rejection measurements and 
water microbiology testing) were conducted to check whether the membrane material was damaged 
by granulates. 
The results indicate that the fouling layer formation was significantly reduced by abrasion using the 
granular material. This technique allowed a long-term operation of more than 600 days at a flux up to 
40 L/(m2h) without chemical cleaning of the membranes. However, at high flux rates (> 35 L/(m2h)) 
a significant decline in permeability was observed, presumably as a result of permeation drag forces 
that might draw the particulate and colloidal matter towards the membrane surface. 
It was demonstrated that the MBR with granulate could be operated with more than 27 % higher flux 
compared to conventional MBR operation. SEM images and integrity tests showed that in consequence 
of abrasive cleaning, the granular material left brush marks on the membrane surface; however, the 
membrane function was not affected. Rejection measurements indicated no damaging effects by granu-
late, as the rates were comparable with those of new membranes (> 90 %). Water microbiology test-
ing (removal of E. coli and total coliforms) showed that granulate did not have any negative impact on 
the membranes and still rejected almost all bacteria in the system. 
Additionally to the experiments with granulate, the impact of membrane backwash, using a salt brine 
solution, the impact of chemical and physical cleaning (relaxation breaks), and the effect of changed 
milieu conditions (aerobic, anaerobic) on membrane fouling was investigated. Among the chemical 
and physical methods relaxation breaks have proved to enhance membrane performance; however, 
this involves high specific costs due to operation interruptions, i.e. low membrane throughput. 
Research on permeability loss was carried out to investigate the influence of operating conditions 
(temperature, sludge retention time/sludge loading, and wastewater composition) and the influence of 
activated sludge characteristics (mixed liquor suspended solids, colloidal matter, truly soluble matter, 
viscosity) on fouling. It was shown that the concentration of the colloidal fraction obviously depends 
on the operating temperature and sludge retention time (SRT). A nearly linear correlation between the 
colloidal fraction (CODcolloidal) and the concentration of biopolymers (proteins and polysaccharides) 
was found. However, while a relationship between the retention of biopolymers and capillary suction 
time (CST) of activated sludge was found, a clearly connection with the permeability of the investi-
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resulted in the reduction of the colloidal fraction in the supernatant by up to 80 % of the initial value. 
The coagulant even bound soluble matter < 0.04 µm, as the chemical oxygen demand (COD) concen-
tration of permeate was slightly higher. 
Fractionation tests showed that the colloidal fraction (0.04-0.1 µm) constituted the largest percen-
tage of COD (71 %) and dissolved organic carbon (DOC) (81 %) of samples during high fouling in the 
MBR, whereas this fraction made up only 21 % (COD) and 20 % (DOC) of samples during low fouling. 
It was observed that the biological degradation of organic matter was much higher during periods of 
low fouling and only 41 % of organic compounds were retained by the membrane in the reactor com-
pared to 84 % during periods of high fouling. This implies that most of the biopolymers (proteins, po-
lysaccharides) were retained in the reactor by membrane separation. 
In a parallel experimental set up, the impact of the operationally fraction < 0.04 µm from wastewater 
and activated sludge on the ultrafiltration membrane fouling characteristics was investigated. Hereby, 
the fraction < 0.04 µm was defined operationally as the “truly soluble fraction”, determined by the 
separation abilities of the applied membrane. It was shown that the permeability loss was caused pre-
dominantly by the colloidal fraction > 0.04 µm rather than by the dissolved fraction of wastewater and 
activated sludge. 
The rheological measurements showed a structural viscous behavior of the investigated activated 
sludge samples. Moreover, it was found that with increasing mixed liquor suspended solids (MLSS) 
concentration, the viscosity also tends to increase. The viscosity amounted to 18 mPas at a “common” 
MLSS concentration of 12 g/L in MBRs and a shear rate of 40 s-1. A correlation between the apparent 
viscosity and the retention of proteins and polysaccharides in the mixed liquor filtrate of activated 
sludge was observed. The coefficients of both model approaches (Oswald de Waele and Herschel-
Bulkley) could be described as a function of MLSS concentration using a non-linear regression analysis, 
however the Oswald de Waele approach showed a better plausibility with the measured values. 
It was demonstrated that the energy consumption of the coarse-bubble crossflow system for fouling 
control is about two times higher than the fine-bubble crossflow system for oxygen supply. 
  
 
Zusammenfassung   v 
ZUSAMMENFASSUNG 
 
Im vergangenen Jahrzehnt ist die Membrantechnologie zum weltweit eingesetzten und anerkannten 
Trennverfahren geworden. Obwohl das Membranbelebungsverfahren (MBR - Membran-Bio-Reaktor) 
nach wie vor Weiterentwicklung bezüglich der Leistungsfähigkeit und der Wirtschaftlichkeit benötigt, 
bieten die MBR-Anlagen beträchtliche Vorteile gegenüber konventionellen Belebungsverfahren. Vor 
allem sind der geringe Platzbedarf, der modulare Aufbau und die hervorragende Ablaufqualität durch 
den vollständigen Feststoff und Bakterienrückhalt zu nennen. MBR-Anlagen werden insbesondere dort 
bevorzugt eingesetzt, wo strengste Anforderungen an die Wasserqualität erfüllt werden müssen. 
Die zentrale Herausforderung dieser Verfahrenstechnik ist das Membranfouling, da dieses den Durch-
satz verringert. Die Maßnahmen zur Begrenzung des Foulings führen zu erhöhtem Energie-, Personal-, 
und Chemikalienbedarf und somit zu erhöhten Betriebskosten. Zahlreiche Forschungsgruppen setzen 
sich deshalb mit dem Membranfouling auseinander, um die Natur des MBR-Foulings zu verstehen. 
Die Untersuchungen zur Prävention des Foulings und zum Permeabilitätsverlust bei Membran-
bioreaktoren wurden auf drei MBR-Versuchsanlagen mit synthetischem und realem Abwasser durchge-
führt. 
In erster Linie wurde die Reduzierung des Membranfoulings durch die Zugabe von abrasiv wirkenden 
Granulaten im Belebtschlamm getestet. Zudem wurden die Aufnahmen mit Rasterelektronenmikroskop 
(REM) und die Integritätstests (Rückhaltemessungen, mikrobiologische Tests) zur Bewertung des Ein-
flusses der Abrasion durchgeführt. Die Ergebnisse haben gezeigt, dass die mechanische Reinigung 
durch die Zugabe von Granulaten die ungewünschte Deckschichtbildung durch Abrasion verringert 
werden konnte. Mit dieser Methode wurde ein kontinuierlicher Betrieb ohne chemische Reinigungen 
und zugleich bei sehr hohen spezifischen Flüssen bis zu 40 L/(m2h) über mehr als 600 Betriebstage 
aufrechterhalten. Erst bei höheren Flüssen (> 35 L/(m2h)) wurde eine signifikante Abnahme der Per-
meabilität beobachtet. Dies deutet darauf hin, dass während der Hochlastphase mit Flüssen zwischen 
35 und 40 L/(m²h) ein irreversibles Fouling, vermutlich wegen der „Schleppkraft der Filtrat-
strömung“, die die kolloidalen und partikulären Stoffe zur Membranoberfläche transportiert, stattge-
funden hat. Ein wirtschaftlicher MBR Betrieb mit Granulaten gegenüber konventionellen MBR Verfah-
ren konnte mit einer 27 %igen Steigerung des Flusses nachgewiesen/realisiert werden. Die REM-
Aufnahmen und die Integritätstests haben gezeigt, dass die Granulate auf der Membranoberfläche die 
Reinigungsspuren hinterlassen haben, allerdings nur geringe Oberflächenverletzungen festzustellen 
waren und die Membran intakt blieb, da ähnliche Rückhalte wie bei neuen Membranen (> 90 %) er-
zielt wurden und fast alle Bakterien durch die Membran zurückgehalten werden konnten. 
Zusätzlich zu den Untersuchungen mit Granulaten wurde der Einfluss der Permeatrückspülungen mit 
einer Solelösung, der Einfluss der physikalischen (Filtrationspausen) und chemischen Reinigung sowie 
die Auswirkung des biologischen Milieuwechsels (aerob, anaerob) auf die Minimierung des 
Foulingprozesses untersucht. Unter den chemischen und physikalischen Methoden erwiesen sich die 
Filtrationspausen (Relaxationen) als Maßnahme zum Erhöhen der MBR-Performance als erfolgreichste. 
Die Relaxationen sind allerdings mit hohen spezifischen Kosten durch die Betriebsunterbrechungen 
bzw. geringen Membrandurchsätze verbunden. 
Darüber hinaus wurden Untersuchungen zum Permeabilitätsverlust bei Membranbioreaktoren durch-
geführt, wo die Betriebsbedingungen (Temperatur, Schlammalter/Schlammbelastung, Abwasserzu-





Zusammenfassung   vi 
Stoffe, Viskosität) auf das Fouling getestet wurden. Einige Parameter sind eng miteinander verknüpft 
und lassen sich nicht unabhängig variieren. 
Es wurde gezeigt, dass die Konzentration der Kolloidfraktion (0,45-0,04 µm) offenbar von Tempera-
tur und Schlammalter abhängt. Sie scheint bei niedriger Temperatur anzusteigen. Parallelmessungen 
der Protein- und Polysaccharidkonzentrationen (Biopolymere) belegen einen nahezu linearen Zusam-
menhang mit dem kolloidalen CSB. Während ein Zusammenhang zwischen dem Rückhalt an Proteinen 
und Polysacchariden mit der CST (capillary suction time – kapillare Fließzeit) des Belebtschlamms 
festgestellt werden konnte, ist ein eindeutiger Zusammenhang mit der Permeabilität der Membranen 
nicht gegeben. Zusätzlich wurde beobachtet, dass die Zugabe vom Polyaluminiumchlorid-
Fällungsmittel eine Abnahme der Kolloidfraktion in der Wasserphase des Belebtschlamms um bis zu 
80 % des Anfangswertes ergab. Das Fällungsmittel konnte ebenfalls gelöste Stoffe kleiner als 0,04 µm 
binden, da die CSB-Konzentration im Permeat etwas höher lag als in der Wasserphase des 
Belebtschlamms. 
Fraktionierungsversuche zeigten, dass die Kolloidfraktion (0,04-0,1 µm) während des hohen 
Foulingpotenzials der MBR-Anlage den größten Anteil in der Wasserphase des Belebtschlamms dar-
stellte, ausgedrückt als CSB (71 %) und DOC (81 %) Konzentration. Diese Fraktion machte nur 21 % 
(CSB) und 20 % (DOC) der untersuchten Proben während des niedrigen Foulingpotenzials in der 
MBR-Anlage aus. Zudem wurde beobachtet, dass der biologische Abbau organischer Inhaltsstoffe in 
Zeiten des geringen Foulingpotenzials (41 %iger Rückhalt der organischen Stoffe durch die Membran) 
wesentlich höher war als in Zeiten des hohen Foulingpotenzials (84 %). Dass bedeutet auch, dass der 
größte Teil der Biopolymere (Proteine, Polysaccharide) im Reaktor durch die Membran zurückgehalten 
wurden. 
In der weiteren Untersuchung zum Einfluss der durch die Membrantrenngrenze definierten  gelösten 
Stoffe (< 0,04 µm) auf das Foulingsverhalten wurde festgestellt, dass der Permeabilitätsverlust über-
wiegend von „partikulären“  Abwasser- und Belebtschlammstoffen größer 0,04 µm hervorgerufen wur-
de. 
Aus den rheologischen Untersuchungen ergab sich, dass der untersuchte Schlamm der 
Membranbelebungsanlage ein strukturviskoses Fließverhalten aufweist, d.h. bei steigender Scherbean-
spruchung reduziert sich die Viskosität. Es wurde festgestellt, dass mit steigenden Trockensubstanzge-
halten die Viskosität tendenziell ansteigt. Bei „üblichen“ Trockensubstanzgehalten von 12 g/L in 
Membranbelebungsanlagen und einer Scherrate von 40 s-1 liegt die Viskosität etwa bei 18 mPas. Zu-
dem konnte festgestellt werden, dass die Viskosität bei einer Scherrate von 40 s-1 abhängig von der 
Menge an zurückgehaltenen Polysacchariden und Proteinen im filtrierten Schlammwasser ist. Die Koef-
fizienten der beiden Modellierungsansätze (Oswald de Waele, Herschel-Bulkley) ließen sich als Funk-
tion der Trockensubstanz mit Hilfe der nicht-linearen Regressionsanalyse beschreiben. Allerdings zeig-
te der Ansatz nach Oswald de Waele eine bessere Übereinstimmung mit den gemessenen Daten. 
Weiterhin konnte gezeigt werden, dass der Energiebedarf des mittelblasigen Crossflow-Belüftungs-
systems zur Foulingkontrolle mehr als doppelt so hoch ist als für das feinblasige Crossflow-System zur 
Sicherstellung der Sauerstoffversorgung der Mikroorganismen. 
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1. Introduction 
 
1.1. Problem definition 
 
Water is the most precious and vital resource for all known forms of life. Not only the quantity, but 
also the quality is important by means of human health. They have become the most pressing envi-
ronmental problem faced humanity in the 21st century. Global water shortage and pollution, caused 
by population increase, improved living standards, and the expansion of urban areas, have necessitated 
the search for new or alternative sources of supply. 
Over the past decade, membrane technology has become a promising, acknowledged and worldwide 
implemented separation process that can contribute to solving problems of water scarcity and quality 
deficiency via the reuse of wastewater and the desalination of seawater and brackish water. Since the 
conventional activated sludge (CAS) process cannot meet the requirements of wastewater discharge 
standards becoming stricter and stricter, membrane separation has been considered as an alternative 
solution. 
Membrane technology presents an advanced development of the CAS system for wastewater treat-
ment, where the clarifier is replaced by a filtration step to separate effluent and mixed liquor. In most 
applications, the membrane modules are submerged directly into the activated sludge tanks to com-
bine the biological step and the solid-liquid separation into a single process commonly referred to as 
membrane bioreactors (MBRs). There are several successful MBR applications for various types of 
wastewater streams, such as domestic, municipal, and industrial wastewater. 
Compared to CAS systems, MBRs offer considerable advantages, which are discussed below. Further 
research, however, is still required especially regarding operating and economic efficiency. The possi-
bility of modular construction is favorable as well as the superior effluent quality, since the membrane 
acts as barrier for suspended matter and bacteria, and most colloidal/soluble compounds. MBRs are 
especially preferred in cases where stringent water quality requirements have to be guaranteed. Also, 
the membrane barrier supersedes the secondary clarifier and allows operating at higher biomass con-
centrations. This new concept reduces tank volumes, thus resulting in significantly smaller foot prints 
compared to the CAS system, provided, however, that the sludge retention time (SRT) in both systems 
stays the same. 
Since suspended solids could not be measured in the clarification step, with MBR control of the SRT 
and hydraulic retention time (HRT) is now possible enabling optimum control of the microbial popula-
tion and flexibility in operation. In addition, due to the omission of the clarifier, slow-growing nitrify-
ing bacteria or species capable of degrading complex compounds can develop and persist in the system 
even under short SRTs. MBRs eliminate process troubles and problems associated with settling, the 
latter usually being the most troublesome part of wastewater treatment (Cicek et al., 2003a). 
One of the main challenges in MBR operation is membrane fouling, causing the flux to decrease and 
the transmembrane pressure to increase. In the course of filtration, diverse phenomena might occur, 
causing the reduction of the MBR's filtration capacity. The deposition of solutes and/or particles onto 
the membrane surface (cake layer formation) or into membrane pores (pore blocking) seems to be the 
most significant factor responsible for membrane fouling (Nagaoka et al., 1996; Chang et al., 2002; 
Drews et al., 2007). However, due to the complexity of the biomass matrix that is highly heterogeneous 
and includes living microorganisms, there are still no consistent, substantiated theories on membrane 
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racteristics, operating conditions, and membrane characteristics. Membrane fouling in MBR systems 
can be reversible (i.e. removable by physical cleaning) or irreversible (removable by chemical cleaning 
only). 
Fouling control and prevention result in increased electrical power consumption as well as shut down 
periods and the need for cleaning chemicals. In order to prevent the formation of unwished fouling 
layers, there are a number of commonly used physical cleaning methods. These include backwash us-
ing a liquid permeate, membrane surface scrubbing, scouring with gas bubbles (crossflow), relaxation 
breaks, and any combination thereof. In case these methods are not effective in restoring the 
flux/pressure loss to an acceptable level, chemical membrane cleaning is necessary. However, negative 
aspects of this method are - amongst others - its high consumption of chemical agents and manpower 
requirement, thus increasing the operating costs. Commonly, a combination of crossflow aeration and 
periodical chemical cleaning with acids, bases or oxidizing chemicals are used. 
The energy demand of MBRs is higher compared to conventional AS systems, mainly due to the addi-
tional energy demand for fouling control. Immersed membranes require about 0.5 to 1.2 kWh/m3 of 
permeate for crossflow aeration (DWA, 2007a). However, in practice permeability losses have been 
observed despite regular chemical cleaning (usually weekly). It is well known that contact with chemi-
cal agents, during chemical cleaning, contributes to a shorter membrane lifetime and hence affects the 
operating costs. This leads to losses in productivity and environmental hazards caused by the forma-
tion of chemical cleaning by-products, such as organic halogen compounds (AOX). Hence, efficient 
control and minimization of membrane fouling are required. 
In membrane operation, disproportionately long SRTs are often chosen to minimize membrane foul-
ing. Many studies show that membrane fouling occurs earlier and faster in reactors with low SRT, of-
fering more active mixed liquor biomass and higher concentrations of dissolved organic matters. High 
SRTs lead to higher investment costs due to large volumes of bioreactors and cause significantly higher 
energy costs (aeration). 
Finally, above all remains the need for optimized membrane cleaning procedures and fouling mitiga-
tion strategies in order to operate full-scale MBR plants time- and cost-effectively. 
 
1.2. Structure of the thesis 
 
In the framework of this thesis, strategies for sustainable and cost-effective minimization of mem-
brane fouling are investigated. The thesis is organized as follows. For a general understanding of 
terms, concepts, and problems, Chapter 2 presents a concise literature review on the state-of-the-art 
science and technology. A short overview on the general objectives and the approach is given in Chap-
ter 3. Chapter 4 and 5 describe the chemicals, equipment, and methods used in the experimental part 
of the thesis. 
Results and the discussion of experiments are presented in Chapter 6. Here, the main focus of the ex-
perimental part is on the practical research into permeability loss and fouling reduction. On the one 
hand, the effect of mechanical and physical cleaning, as well as changes in milieu conditions (aero-
bic/anaerobic) on the performance of a submerged MBR process were tested. On the other hand, in a 
parallel experimental set up, the influence of operating conditions and activated sludge characteristics 
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Chapter 7 deals with estimating the costs of the proposed methods for fouling minimization. In Chap-
ter 8, a general evaluation and final conclusions are given. Finally, Chapter 9 deals with defining direc-
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2. Fundamentals of membrane separation processes 
 
This chapter covers the basic information on subjects related to membrane filtration. Five topics are 
dealt with in this part of the thesis. To begin with, a general survey of membrane separation processes 
with emphasis on micro- and ultrafiltration is given, followed by a description of the characteristics of 
the membrane bioreactor (MBR) process. In the third part, the limitations of MBR applications are 
described in detail, followed by a discussion on the modeling of membrane filtration. Finally, an over-
view of strategies for fouling control/reduction is given. 
 
2.1.  Overview of membranes and membrane separation processes 
 
The origin of the word membrane is Latin which means “skin” (Wenten, 2002). Today, "membrane" is 
used to describe thin, flexible, semipermeable layers or sheets, acting as a selective boundary between 
two phases due to its semipermeable properties. 
Membrane filtration is a physical separation process filtering particles or molecules in a variety of siz-
es from a given media. Small particles, colloids, macromolecules, small molecules, or even ions can be 
separated depending on the pore size and the material of the chosen membrane. Since membrane fil-
tration is a purely physical process, it does not affect the chemical structure or thermal stability of the 
membrane materials used. Membranes are part of our life, as all living cells are surrounded by mem-
branes. Biological cell membranes are very selective and transfer only particular substances. 
In the 19th century, Fick (1855) was the first to prepare and study artificial semipermeable mem-
branes. In the following decades, a lot of research was carried out. However, the fundamental break-
through in membrane technology was in the late 1950s when Loeb and Sourirajan invented very thin, 
asymmetric, high-flux membranes from cellulose acetate for reverse osmosis (Wenten, 2002). Parallel, 
Hagen-Poiseuille established a basic law on the flow in pores. Industrial production and application of 
synthetic membranes based on cellulose began about 1920. The development of polymer membranes 
started about 1960 (Staude, 1992). 
 
2.1.1. Classification of membrane separation processes 
 
Due to the different requirements on mass separation, a multitude of membrane separation processes 
has been developed. There are several ways to classify membranes, e.g. according to their driving 
forces, separation mechanism, structure (morphology), and materials. 
Some membranes use pressure differences (microfiltration, ultrafiltration, nanofiltration, and reverse 
osmosis), while others use the driving force of differences in concentration (dialysis) or electric poten-
tial (electrodialysis) (see Table 2-1). Within the framework of this thesis, only pressure-driven mem-
brane processes are discussed. Information on other membrane separation processes can be taken from 
the literature (e.g. Baker, 2004; Melin, 2007). 
The differential pressure between the front and the back of a membrane depends on the mode of ap-
plication. The transmembrane pressure (TMP) varies from 0.5 bar up to 120 bar and more in excep-
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Table 2-1: Classification of membrane filtration processes (modified after ATV-DVWK, 2002; Wett, 2005). 
Membrane process  Separation mechanism  Driving force  
Microfiltration  sieve effect  < 3 bar  
Ultrafiltration  sieve effect  < 10 bar  
Nanofiltration  solution-diffusion mechanism  < 40 bar  
Reverse Osmosis  solution-diffusion mechanism  <120 bar  
Electrodialysis  ion exchange, diffusion  electric potential  
Dialysis  





The permeate, also called filtrate, passes through the membrane without hindrance. In contrast, par-
ticles, colloids, and molecules, are retained, dependent on their size and molecular weight, and are 
called concentrate or retentate (see Figure 2-1). The mass transfer in and through membranes is based 
on two different mechanisms: transport through membrane pores (sieve effect) and transport as a re-
sult of diffusion (Mohrdieck, 2009). These transport mechanisms can occur parallel. 
In ultrafiltration (UF) and microfiltration (MF), where pure convective mass transfer through the 
membrane pores occurs mainly porous membranes are used. This process can be described by Hagen-
Poiseuille’s law for pipe flow in capillary tubes (see chapter 2.2). In reverse osmosis (RO), which uses 
dense membranes, particle separation is achieved by virtue of differing solubility and diffusion rates of 
water (solvent) and solute in water (Judd, 2006). The difference in the electrochemical potential of the 
two membrane sides is crucial for diffusive mass transfer of soluble wastewater components, described 
by Fick’s law of diffusion (Baumgarten, 2007). Nanofiltration (NF), formerly called "leaky RO", is a 
liquid separation membrane technology positioned between reverse osmosis and ultrafiltration. With 
NF, separation is achieved via a combination of charge rejection and solubility diffusion. 
 
 
Figure 2-1: Schematic view of membrane separation processes: porous membrane (left), solution-diffusion 
   membrane (right) (modified after Mohrdieck, 2009). 
 
The different membrane separation processes can also be classified on the basis of their separation 
threshold, see Figure 2-2. The membrane pore size cut-off, normally in µm, or as molecular weight cut-
off (MWCO) in g/mol, i.e. Daltons (Da), refers approximately to the size of particles or the molecular 
weight of molecules, which can be retained by the respective membrane. Particles or molecules smaller 
than the pore size pass through the membrane into the permeate. 
Typical pore sizes of porous membranes vary between 0.004 µm and 10 µm. Membranes with smaller 
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tification of a membrane’s pore size distribution is a critical factor in assessing whether a membrane 
has the potential to remove particles, molecules, and/or microorganisms from a feedwater. Microfiltra-
tion manufacturers state a “nominal” pore size, i.e. the size above which a specified percentage of par-
ticles of a certain nature is rejected under defined conditions (Jacangelo, 1997). 
The pores of ultra- and microfiltration membranes do not have uniform diameters conditional on 
manufacturing procedures. The cut-off of retained matter, < 0.1 µm (ultrafiltration), is preferably to 
be characterized as its molecular weight, corresponding to a 90 % rejection rate for a given membrane, 
and not as its geometric size. There is no direct correlation between the pore size, in µm, and the mo-
lecular weight cut-off, in g/mol, due to varying physical and chemical properties of solute molecules of 
identical MWCO. However, Staude (1992), for example, estimates that membranes with a pore size 
cut-off of 0.1 µm retain molecules with MWCO of more than 500.000 g/mol. 
 
  
Figure 2-2: Characteristics of membrane separation processes according to their cut-off size (modified after 
  Günder, 1999). 
 
 
2.1.2. Membranes – materials and morphology 
 
2.1.2.1. Membrane materials 
 
Membranes can also be classified according to their material, the main materials being polymeric, ce-
ramic, and metallic. Thereby, metallic membranes have very specific applications, not used in mem-
brane bioreactor (MBR) technology (see chapter 2.3). According to Staude (1992) the selection of the 
most applicable material requires to consider many criteria, such as: 
 resistance against temperature, pressure, and cleaning agents 
 hydrophobicity/hydrophilicity 
 mechanical strength 
 availability and price 
In (waste)water treatment, most commonly polymeric membranes are applied, providing a wide va-
riety of materials, pore sizes, pore size distributions, configurations, and production processes. The 
main reason to apply organic membranes is the manufacturing costs for ceramic membranes which are 
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of polymeric materials, only a limited number of materials is suitable for application in membrane se-
paration, e.g. polyvinylidene fluoride (PVDF), polyethersulfone (PES), polyethylene (PE), polypropy-
lene (PP) (Judd, 2006). 
 
2.1.2.2. Membrane morphology 
 
Depending on the characteristics of the material and the manufacturing process, there are isotropic 
(symmetric) and anisotropic (asymmetric) membranes. Symmetric membranes have a porous structure 
with a pore size distribution characterized by an average pore size that is relatively constant through-
out the membrane layer. 
In asymmetric (anisotropic) membranes, consisting of several layers, each with different structures 
and permeability (Baker, 2000), the average pore size varies within the membrane body, thereby 
usually increasing from one surface to the other (Rautenbach, 1997). Asymmetric membranes provide 
higher fluxes compared to symmetric membranes of the same rated pore size and thickness. Some 
asymmetric membranes have a distinct transition between the dense filtration layer, i.e. the skin, and 
the support structure. The denser skin layer is exposed to the feedwater and acts as primary filtration 
barrier, while the thicker and more porous substructure primarily serves as mechanical support    
(USEPA, 2005). 
  
2.1.2.3. Membrane modules 
 
Membrane modules are composed of several membrane elements. Membranes are encased in mod-
ules to increase their stability. The membrane’s geometry and the way it is mounted and oriented in 
relation to the water flow is crucial for the overall process performance. Moreover, the integration of 
the membranes into a module is to provide for optimal flow conduction (turbulence promotion), high 
packing density, easy cleaning of facilities, easy module exchange, and permit modularization. De-
pending on the manufacturing process, membrane modules consist of flat sheets, hollow fi-
bers/capillary and/or tubes (Günder, 1999). Table 2-2 shows a list of membrane modules by different 
manufacturers without claiming completeness. 
 
Table 2-2: Membrane modules and manufacturers (modified after Rosenberger, 2003). 
Membrane Bioreactor (MBR) 
Submerged Sidestream 





Nadir, Pall)  





Systems, Zenon)  
Tubes  




(e.g. Rochem)  
Tubes  
(e.g. Berg-
hof, Techsep,  
X-Flow..)  
 
In the frame of this thesis, the focus was on submerged flat sheet modules and experiments were car-
ried out only for this type of module. Plate (i.e. frame) modules, consist of (multiple) flat sheet mem-
branes arranged parallel and built onto a supporting device with permeate tube (manifold). The sus-
pension flow towards the membranes and thus the filtration is from outside to inside. In Figure 2-3, a 
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Figure 2-3: Microdyn-Nadir (Bio-Cel®) flat sheet membrane module (Microdyn-Nadir). 
 
The Bio-Cel® module combines the advantages of plate/frame (the defined channels) and hollow fi-
ber (the packing density, the possibility of backwash) modules. On the one hand, the backflushability 
of a membrane pocket is reached by a laminated construction of the membrane support material to the 
spacer material that is only 2 mm thick. On the other hand, an extremely high packing density is 
achieved with very low weight, as is normally possible only when using hollow fibers. The flat sheet 
membrane is made of polyethersulfone (PES) material with a MWCO of 150 kDa, corresponding to a 
pore diameter of approximately 0.04 µm (Microdyn-Nadir). 
The fine-bubble air “crossflow system” (see chapter 2.6) has to fulfill three functions; to provide an 
adequate oxygen supply for biological treatment, to scour the membrane surface and thus prevent 
fouling, and to create a specific density gradient between the inside and the outside of the submerged 
membrane unit, thus producing biomass circulation. 
 
2.2. Micro- and ultrafiltration process – basic principles and definitions 
 
2.2.1. Mass transfer 
 
Mass transport through unfouled porous membranes can be described by Darcy’s law, which states 
that flux is proportional to applied pressure difference (Peinemann and Nunes, 2010). 
 
    pPJ pp   [L/(m
2·h)]                        (2.1) 
 
with: 
Jp - volumetric flux, [L/(m
2·h), m/s] 
Pp - permeability constant, [m/(Pa·s)] 
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The permeability constant (Pp) is a function of membrane structure, including pore size distribution 
and porosity of the membrane as well as permeate viscosity. Two approaches describe the constant Pp. 
The Carman-Kozeny pore model assumes a pore system formed of equally sized spheres in a packed 
bed (modified after Peinemann and Nunes, 2010). In this model, the blocking of membrane pores is not 
considered. 
 














 [L/(m2·h)]            (2.2) 
 
with: 
 - porosity (or voidage), [-] 
 - dynamic viscosity of the permeate, [Pa·s] 
S - specific area (surface area per unit volume), [m2/m3] 
 - tortuosity, [-] 
p - thickness of the porous layer, [m] 
K - constant equal to 2 for perfectly cylindrical pores, [-] 
 
However, in case the structure of the membrane is assumed to be uniform capillaries, the flow rate of 
















 [L/(m2·h)]                              (2.3) 
with: 
 - porosity (or voidage), [-] 
 - dynamic viscosity of the permeate, [Pa·s] 
 - tortuosity of the capillaries, [-] 
dpore - diameter of the capillaries, [m] 
lc - length of the capillaries, [m] 
 
2.2.2. Fundamental parameters: pressure, flux, permeability, and retention rate 
 
Figure 2-4 presents the key parameters for the operation of pressure-driven membrane separation 
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Figure 2-4:  Terminology of micro- and ultrafiltration separation process (AM- membrane surface, Q-   volume flow 
  rate, p- pressure) (Melin and Rautenbach, 2007). 
 
In micro- and ultrafiltration processes, the driving force for membrane permeation is the TMP. Gen-
erally, TMP is calculated as the pressure difference between the outside (pF, pC) and the inside (pP) of 
the membrane. 
 








 [bar]                                             (2.4) 
 
The permeate flux rate (J) is the standard parameter to describe the hydraulic capacity of a mem-
brane system. The flux is described as the quantity of “material”, which passes through a unit area of 
membrane per unit time. The commonly used (non SI) unit is liter per m2 per hour. The flux relates 
directly to the driving force (TMP) and the total hydraulic resistance (see chapter 2.4.2) offered by the 
membrane and its active surface (Judd, 2006). 
 
    
MA
Q
J   [L/(m2h)]                                        (2.5) 
 
The quotient of flux (J) and driving force (TMP) describes the permeability (LP) of the membrane. 
 





  [L/(m2hbar)]                              (2.6) 
 
During membrane operation, periodic filtration breaks (called relaxation breaks) and backwash with 
permeate and/or membrane cleaning might be necessary (see chapter 2.6). In this case, one has to 
distinguish between net flux rate and gross flux rate of the membrane process. The net flux rate is the-
reby defined as the gross flux rate adjusted for production lost during backwash, relaxation, and clean-
ing. 
The membrane rejection rate for a defined component “i” specifies to which extent this component 
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1  [%]                    (2.7) 
with: 
R - rejection rate [%] 
ci,P - concentration of component i in permeate [mg/L, mol/L] 
ci,F - concentration of component i in feed [mg/L, mol/L] 
 
2.3. Membrane Bioreactor (MBR) process 
 
The application of membrane separation techniques (micro- or ultrafiltration) for biosolid separation 
can overcome the disadvantages of sedimentation tanks and biological treatment steps (Visvanathan et 
al., 2000). Membranes offer a complete barrier against suspended solids as well as colloidal material 
and yield a higher effluent quality, i.e. free of bacteria and pathogens. 
In recent years, the focus has shifted towards the concept of combining the activated sludge process 
with membrane filtration, the new system being called membrane bioreactor (MBR). There are several 
advantages associated with the MBR that makes it a valuable alternative compared to other treatment 
techniques. Since suspended solids are not lost in the clarification step, total separation as well as con-
trol of the SRT and HRT are possible, thus enabling optimum control of the microbial population and 
flexibility in operation. The absence of a clarifier, which also acts as a natural selector for settling or-
ganisms, enables sensitive, slow-growing species (nitrifying bacteria, bacteria capable of degrading 
complex compounds) to develop and persist in the system even under short SRTs (Cicek et al., 2003a). 
In addition, the biomass is concentrated, thus reducing the necessary bioreactor size and increasing the 
efficiency of the biotreatment process (Judd, 2006). 
The MBR technology has great potential in wide ranging applications including municipal, domestic 
and industrial wastewater treatment, groundwater and drinking water purification (Jefferson et al., 
2000; Rosenberger et al., 2002; Panglisch et al., 2005). 
The technical feasibility of this process has already been demonstrated via a number of pilot- and 
bench-scale research studies. Full-scale systems are operated in various parts of the world and substan-
tial growth in the number and size of installations is anticipated for the near future (Gander et al., 
2000; Jarusutthirak et al., 2001; Cicek 2003a). At the same time, the use of small-scale MBRs in decen-
tralized applications is likely to be a major thrust. Optimized designs and sustainable operation are in 
demand. Therefore, improved comprehension of ways to alleviate membrane fouling is one of the 
main keys to the future of this technology (Fane et al., 2005a). 
 
2.3.1. Functional principle and configuration 
 
2.3.1.1. Functional principle 
 
In wastewater treatment using the MBR process, the mechanically pretreated raw wastewater first 
undergoes biological treatment in an activated sludge system. In the bioreactor, the wastewater is 
mixed and aerated, thus improving the microbial metabolization of suspended and soluble organic 
matter. The organic matter is decomposed and converted into cells and/or oxidized to CO2 and water. 
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ment. In the following step, the treated wastewater is separated from the activated sludge via mem-
brane filtration. The new cells (biomass), called excess sludge, are thereby removed from the system. 
 
2.3.1.2. MBR configuration 
 
MBR configuration and operation strongly depend on the required effluent quality, application, and 
module type. According to the chosen configuration, these basic requirements can be achieved in dif-
ferent ways. The membranes can be either submerged directly into the bioreactor or be placed in the 
external circuit of the bioreactor (sidestream), depending on the used module type (see Figure 2-5) 
(Visvanathan et al., 2000). 
In the sidestream configuration, the membrane module is not part of the main bioreactor. The acti-
vated sludge is pumped from the bioreactor into an externally placed membrane module. Here a per-
meate stream is generated and the biomass retained by the membrane is returned into the bioreactor. 
The driving force is the pressure created by high crossflow velocity along the membrane surface (Cicek 
et al., 1998). The membranes generally have a high flux and are of low maintenance. The crossflow 
aeration system is generated by a pump that, at the same time, can create the TMP for the membrane 
process. The oxygen supply for the activated sludge and the mixing of the aeration tank is assured by a 
separate aeration system. 
The submerged configuration provides two possibilities. On the one hand, the filtration elements are 
submerged directly into the bioreactor, on the other hand it is placed into a separate filtration chamber 
(Cornel et al., 2001). The latter solution offers some advantages, as it facilitates the modular upgrade 
of the plant as well as module maintenance and cleaning works. The driving force across the mem-
brane is achieved by pressurizing the bioreactor or creating a vacuum on the permeate side (Rosen-
berger et al., 2002). However, in some circumstances, the permeate side is placed in a lower position, 
and the gravity itself is the only driving force for filtration (Jiang, 2007). Because the membrane mod-
ules are submerged directly in the main bioreactor, recirculation of concentrated sludge is avoided.  
The crossflow is generated by the uplifting flow of coarse or fine bubbling air. For this purpose, a 
suitable fan with an air supply diffuser, usually placed directly beneath the membrane module to facili-
tate scouring of the filtration surface, is necessary. Normally, the crossflow system provides sufficient 
energy for mixing the activated sludge tank as well as oxygen for the biological treatment process. 
Otherwise a separate aeration system has to be installed. 
According to Judd (2006) sidestream MBRs are generally more energy-intensive than submerged 
MBRs, due to high pressures and volumetric flows. Moreover, the configuration of submerged MBRs is 
simpler, as it needs less equipment and the crossflow aeration system in the membrane tank can be 
multifunctional, as described above. Other advantages are the high packing density and low costs of 
capillary and hollow fiber membranes used in many submerged MBRs. This makes it feasible to install 
more membrane modules and operate them at lower fluxes. Submerged modules are commonly used 
in municipal wastewater treatment. However, sidestream MBRs are more robust and more flexible in 
the control of the crossflow velocity (Jiang, 2007). Nowadays, sidestream modules are mostly imple-
mented in industrial applications, in particular where small membrane surfaces are needed or persis-
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Figure 2-5: Configuration of different MBR processes: submerged (a, b), sidestream (c). 
 
 
2.3.2. Operating method – dead-end and crossflow filtration 
 
Basically, conventional pressure-driven membrane processes with liquid permeation can be operated 
in two modes: dead-end and crossflow (Judd, 2006). 
In membrane separation systems operating in dead-end or in-line mode there is no concentrate 
stream, but only one influent (i.e. feed) and one effluent (i.e. permeate) stream, as shown in Figure 
2-6(a). In dead-end mode, the entire fluid flow, with all solute, suspended and dissolved components, 
is transported perpendicularly towards the membrane and forced through the membrane by pressure 
of the permeate flux. As the retained material accumulates on the membrane surface or in its interior 
and is held in place as a result of hydraulic forces acting perpendicular to the membrane surface, a 
cake layer forms. Due to this formation, the pressure to maintain the required flow increases, until at 
some point the membrane has to be backwashed or replaced (Baker, 2004; USEPA, 2005; Evenblij, 
2006). 
In membrane filtration systems being operated in crossflow mode, the feed solution is circulated 
across the surface of the membrane, producing two streams: permeate and concentrate, the latter con-
taining the retained material (Baker, 2004). A scouring force, using water and/or air, is applied paral-
lel (i.e. tangential) to the membrane surface during the filtration process in a continuous or intermit-
tent manner (see Figure 2-6(b)). Membrane operation in crossflow mode reduces fouling processes (as 
further discussed in chapter 2.6) by minimizing the accumulation of solids/contaminants on the mem-
brane surface or in the boundary layer (USEPA, 2005). Compared to the dead-end mode, the equip-
ment required for crossflow filtration is more complex and the energy demand is higher, due to the 
required pump capacities and the feed-side pressure loss during membrane overflow. However, mem-
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Figure 2-6: Schematic presentation of (a) dead-end and (b) crossflow filtration: Rc- cake resistance, J- flux rate 
(modified after Baker, 2004). 
 
 
2.3.3. MBR design and process efficiency 
 
2.3.3.1. MBR design 
 
Enhanced mechanical pre-treatment of the raw wastewater appears to be one of the most critical fac-
tors for assuring a stable and continuous operation of MBR plants. Removal of hair, fibrous material 
and other contraries that can lead to operational problems of the membrane modules is of particular 
importance (Melin et al., 2006; Schier et al., 2009). Sieves with perforated panels of 1 mm mesh size 
provide the optimal level of protection (Schier, 2003). 
For the MBR's optimal functioning, the following basic requirements must be met (Günder, 1999): 
 adequate oxygen supply for the activated sludge 
 agitation and mixing of an aeration tank 
 transmembrane pressure difference for the filtration process 
 crossflow aeration system for membrane fouling control (see chapter 2.6) 
Generally, for dimensioning a MBR plant, the same procedure as for conventional wastewater treat-
ment plants can be applied (ATV-DVWK, 2000a and b). To dimension the biological reactor, informa-
tion on the influent flow and the nutrient load are needed. Additional attention must be paid to flow 
characteristics due to the impact of temperature on membrane performance (see chapter 2.4.2). 
For evaluating the required membrane area, the supplier has to indicate the specific dimensioning 
parameters (particularly flux) guaranteed under specific local conditions. The main parameter required 
for dimensioning the membrane chamber is the specific packing density () of the membrane area per 
unit of reactor volume. 
For evaluating the pollutant removal capability of the plant, the volume of all reactors needs to be 
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rate (VLR) and sludge loading rate (SLR). VLR depends on the influent concentration and the HRT. 
Nowadays, MBR plants are operated at VLRs between 1.2 and 3.2 kg COD/(m3d) and SLRs between 




























5  [kg/(kg TSSd]                            (2.9) 
 
with:   
CODinf - influent COD concentration, [mg/L] 
BOD5,inf - influent BOD5 concentration, [mg/L] 
Q - flow rate, [m3/d] 
V - reactor volume, [m3] 
X - biomass concentration, [g/L] 
 
The biological compartment of the reactor may also be dimensioned on the basis of the required 
sludge age, called sludge retention time (SRT), at the minimum temperature. In this case, the reactor 
volume is calculated as a function of the daily sludge production (Px,d) and concentration, while the 
HRT is not an input variable in this calculation (Wedi et al., 2008). Sludge age describes the period of 
time during which activated sludge remains in the system. 
 





  [d]                          (2.10) 
 
with:   
V - reactor volume, [m3] 
Q - flow rate, [m3/d] 
Qw - waste sludge flow rate, [m
3/d] 
X - biomass concentration, [g/L] 
Xe - concentration of biomass in effluent, [g/L] 
XR - concentration of biomass in return flow, [g/L] 
 
For municipal wastewater, literature data on conventional treatment can also be used for MBRs 
(ATV-DVWK, 2000a). In activated sludge plants treating municipal wastewaters, typical sludge ages 
are in the range of 5 to 15 d for COD and nitrogen elimination (Stephenson et al., 2000). With MBRs, 
the retention time of the sludge is unaffected by sedimentation behavior and very high sludge ages can 
be reached. Most membrane bioreactors (particularly in Germany and Switzerland) are currently oper-
ated at a sludge age of > 25 days (sludge stabilization) (Wedi et al., 2008). The first full-scale MBR 
plant in Germany (Markranstädt) was operated at an average sludge age of 49 d (Kubin, 2004). 
Frequently, MBRs are operated at significantly higher SRTs than needed. This leads to unnecessary 
energy consumption. As a general rule, reducing the SRT pays off despite higher sludge production 
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The lower limit of the sludge age (8 d) results from guaranteeing biological nitrification. At plants 
operated with the nitrification and denitrification process, the sludge age depends on the ratio of deni-
trification to nitrification reactor volume. The layout of the biological reactors depends on the nutrient 
removal capacity of the plant (e.g. denitrification and/or biological phosphorus removal). 
The sludge concentration in the various compartments depends on the concentration range given for 
the membrane chamber XMC (the latter being up to 15 g/L) and the flow in the sludge recycles. Since 
membranes allow much higher sludge concentrations than CAS plants (up to 5 g/L), MBRs need signif-
icantly smaller reactor volumes (Wedi et al., 2008), provided, however, that the SRT in both systems 
stays the same. 
 
2.3.3.2. Efficiency of the MBR process 
 
The retention efficiency of the MBR separation process is not affected by gas bubbles, floating sludge 
or bulky flocs with lower density, as occurring in conventional wastewater treatment plants (WWTP) 
(Wiesmann et al., 2006). The MWCO of microfiltration and ultrafiltration membranes is determined by 
sieve effects between membrane pores and filtered components. During the MBR operation, the ma-
terial being rejected by the membrane accumulates in the interfacial area of the membrane and leads 
to the formation of a gel layer (see chapter 2.4). This gel layer may then have a greater selectivity than 
the membrane itself and can result e.g. in a MF process displaying the characteristics of UF membranes 
(Al-Malack et al., 1997; Huang et al., 2000). In such cases, the gel layer is sometimes referred to as 
dynamic membrane (Stephenson et al., 2000). 
The performance of municipal MBRs has already been proven at many pilot and full-scale plants in 
Germany, e.g. Rödingen (Erftverband), Markranstädt (Leipzig), and Büchel (Aggerverband) (Engel-
hardt et al., 2000; Stein et al., 2001; Wozniak et al., 2001). The effluent quality of full-scale MBR plants 
was tested for hygienic parameters and an extensive disinfection was observed (Stein, 2003; Engel-
hardt, 2003; Dorgeloh, 2004). Fane (1996) reports that microfiltration (MF) and ultrafiltration (UF) 
membranes typically provide log 2 to log 5 virus removal respectively, whereas the removal of proto-
zoa can be assumed to be log 5 (Trussell et al., 2003). 
Although loading rates are mostly similar, the removal efficiency of organic matter (COD) is higher 
for MBRs (90-98 %) than for CASs (75-85 %) (Stephenson et al., 2000). According to Côté et al. 
(1998), the improved COD removal can be attributed to the combination of complete particulate reten-
tion by the membrane and the avoidance of biomass washout problems which are common in CASs. In 
particular, the latter enables stable conditions for slow growing microorganisms that are able to re-
move persistent components, favored by higher SRTs. 
However, arbitrary high MLSS concentrations cannot employed, since it is believed that oxygen trans-
fer is limited due to higher and non-Newtonian viscosities (Rosenberger et al., 2001), affecting mem-
brane performance (see chapter 2.4.3). 
The relative oxygen transfer ratio  (the ratio of the aeration coefficient kLa, apparent volumetric 
mass transfer coefficient, under process conditions to the kLa-value in clean water) for different 
WWTPs under operational conditions is found to be in the range of 0.2 to 0.8 for MLSS in the range of 
1-18 g/L (Cornel et al., 2001; Drews et al., 2005). However, the results of Henkel et al. (2009) reveal 
that at high SRT the -factor is mainly influenced by the mixed liquor volatile suspended solids 
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70 %, the -value can be assumed to be in the range of 0.5 ± 0.1. Another study of Henkel et al. 
(2009) shows that the -factor was reduced when the free water content decreased and the floc vo-
lume increased. Since the floc volume is mainly regulated by the MLVSS concentration in activated 
sludge, a reduction in the oxygen transfer with increasing MLVSS concentration was observed. With 
unchanging floc volumes, oxygen transfer increases with increasing SRT. 
Similar to the conventional process, with MBR systems, aerobic-anoxic operating conditions are ne-
cessary to achieve nitrogen removal. In municipal wastewater, nitrogen is mostly present in the form of 
ammonium. In aerated units, ammonium is converted to nitrate and in the subsequent non-aerated, 
anoxic step, nitrate is converted to elementary nitrogen. Since microorganisms need nitrogen for 
growth, of course nitrogen is also removed together with the excess sludge. MBRs offer good nitrifica-
tion conditions because of the high retention of sludge allowed. Therefore, even slow-growing nitrify-
ing bacteria have an excellent chance to establish themselves in the aeration tank. Hence, nitrogen 
removal with preliminary denitrification and with post-denitrification is realized with MBRs (Wiese-
mann et al., 2006). 
Reactor concepts such as post-denitrification and enhanced biological phosphorus removal (EBPR) in 
MBRs are further options. Owing to MBR characteristics, such as generally high aeration requirements 
and high sludge ages, post-denitrification is a configuration particularly interesting for MBRs. Post-
denitrification was shown to be possible even without an external source which can be attributed to 
the buildup of storage compounds such as glycogen (Lesjean et al., 2003; Gnirs et al., 2003; Vocks et 
al., 2005). Phosphorus removal can occur either via chemical precipitation or enhanced biological eli-
mination. The possibility of biological phosphorus elimination opens up further MBR applications, as in 
principle has been proved, for example, by Adam et al. (2001) for the EBPR process. Further investiga-
tion showed that in both CAS process and MBR-EBPR setups specific P-uptake rates were found to be 
comparable, however, there is need for further study on the determination and optimization of the 
maximum sludge age that can still achieve efficient Bio-P removal. Additional precipitation might be 
necessary in areas with sensitive receiving water bodies (Kraume et al., 2005). Chemical phosphorus 
removal is achieved by generating hardly soluble and thus precipitating iron, aluminum or calcium 
phosphates. These salts are withdrawn together with the excess sludge. The necessary precipitants can 
be dosed at different points of the reactor. 
Enhanced research over the past years into the development of new membranes and modules re-
sulted in reduced capital and operating costs of MBR plants. Thus, the implementation of MBRs in mu-
nicipal wastewater treatment is more and more frequent (Kubin, 2004). 
 
2.4. Limitations of MBR applications 
 
2.4.1. Process description 
 
One of the main challenges of MBR application is membrane fouling, causing a decrease in permeate 
flux and an increase in the TMP. It is a well-known and costly problem of membrane filtration and its 
control and prevention result in high manpower requirements as well as increased power consump-
tion, and the need for cleaning chemicals (Schier, 2003) (see chapter 2.6). Membrane fouling in MBRs 
is attributed to physicochemical interactions between the components in the activated sludge liquor 
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Membrane fouling in membrane bioreactors may be classified according to the nature of foulants: 
particulate fouling caused by colloids and suspended solids, inorganic fouling (scaling) caused by salt 
precipitation, organic fouling caused by adsorption of organic matter and biological fouling (biofoul-
ing) caused by deposition or growth of microorganisms (Gorenflo, 2003; Judd, 2004; Jiang, 2007). 
However, the borders between these classes are blurred. Mainly, organic fouling, biofouling, and collo-
id fouling can occur simultaneously and form hybrid fouling, which can be more difficult to remove 
(Baumgarten, 2007; Jiang, 2007). 
Another distinction is made by the subdivision into reversible and irreversible as well as initial and 
long-term fouling (Al-Halbouni, 2008). According to Chang et al. (2002), reversible fouling occurs at 
the membrane surface as a result of cake layer buildup and can be removed by physical washing (e.g. 
through backwashing and relaxation phases between active filtration phases). On the contrary, irre-
versible fouling is caused by the adsorption of dissolved matter within the membrane pores and can 
generally be removed only by chemical cleaning (Le Clech et al., 2003). However, restricting categori-
zation of membrane fouling to reversible or irreversible is somewhat simplistic. For example, gel layer 
formation on a membrane surface is most often irreversible although notionally it is reversible since it 
forms a cake layer. Some kinds of fouling by pore blocking and adsorption may be partially reversible 
depending on the strength of adhesion and the vigor of the physical wash (Chang et al., 2002) (see 
chapter 2.5). 
The accumulation of different components on the membrane surface (cake layer formation), some-
times in connection with biofilm formation and even in-depth adsorption of substances within the 
membrane pores results in a substantial loss of membrane permeability. Substances that cause any of 
the different cases of membrane fouling, are generally called foulants (see chapter 2.4.3) (Al-Halbouni, 
2008). 
 
2.4.2. Fouling rate  
 
The extent of fouling, as a progressing phenomenon, i.e., the fouling rate, can be quantified either in 
terms of the derivative of the filtration resistance (Drews et al., 2008) or the permeability drop (see 
equation 2.6) over time. In this thesis, fouling potentials and actual membrane conditions are eva-
luated by solely using the permeability trend. 
  Darcy’s low is commonly used to determine filtration resistance in permeate transport through por-
ous membrane (see chapter 2.5.2): 
 







 [1/m]                                                             (2.11) 
 
with: 
Rt - total filtration resistance, [1/m] 
p - transmembrane pressure, [bar] 
J - permeate flux rate, [L/(m2h)] 
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In the presence of foulants, the total filtration resistance (Rt) is the sum of clean membrane resistance 
(Rm), concentration polarization resistance (Rcp), and fouling resistance (Rf), the latter including 
processes such as adsorption, pore blocking, and gel/cake layer formation (see chapter 2.5.2). 
Since temperature affects membrane filtration via changing permeate viscosities (Mulder, 2000), it is 
necessary to compensate the temperature dependency to be able to compare hydraulic performance 
over a long-term operation period. In this thesis, temperature correction to 20 °C (see equation 2.12), 




 2020 024.1  [L/(m
2·h)]                                           (2.12) 
 
with: 
JT - flux at process temperature T in °C 
 
2.4.3. Fouling mechanisms 
 
The reduction in membrane flux (or increase in TMP) occurs as a consequence of diverse mechanisms 
(see Figure 2-7) and can be classified into two groups. On the one hand, the accumulation of the solute 
in a mass transfer boundary layer near the membrane surface is larger than the concentration of the 
bulk solution, i.e. concentration polarization (see chapter 2.5.1). This accumulation reduces the sol-
vent flow through the membrane. This phenomenon in inevitable, however it is reversible by reducing 
the TMP and hence the membrane flux (Peinemann and Nunes, 2010). Concentration polarization 
promotes membrane fouling such as the formation of a cake layer. 
On the other hand, there are fouling mechanisms that are categorized as pore adsorption, pore block-
ing, and cake formation. Pore adsorption and blocking are internal membrane fouling mechanisms, 
whereas cake formation occurs on the membrane surface, i.e. external fouling (AWWA, 2005). 
Pore adsorption, occurs with specific interaction between membrane and particles (colloids) or so-
lutes. Particles or solutes are deposited on the pore walls along their entire length, thereby changing 
the overall pore volume by decreasing the pore diameter. The change in pore volume is proportional to 
the permeate volume. Thus, the hydraulic resistance increases as a result of pore constriction. 
Pore blocking occurs during filtration, leading to a reduction in flux due to the blockage of individu-
al pores. Thereby, the total number of pores is reduced, while there is no effect on pore diameter. The 
change in pore volume is proportional to the permeate volume, as with pore adsorption. 
Cake formation occurs with suspensions consisting particles too large to block just individual pores. 
The increase in cake formation on the membrane surface is proportional to the permeate volume and 
leads to significant additional hydraulic resistance (AWWA, 2005). Peinemann and Nunes (2010) define 
gel deposition as another fouling mechanism. Gel deposition occurs with certain macromolecules, for 
example solutions of concentrated proteins. Their level of concentration polarization may lead to gel 
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Figure 2-7: Fouling mechanisms in membrane filtration (modified after Roorda, 2004). 
 
 
2.4.4. Overview of factors influencing fouling in MBR 
 
The degree of fouling in any membrane process is determined by three key factors, most of which are 
interrelated, i.e. membrane properties, operating conditions, including system hydrodynamics, and 
biomass characteristics (Judd, 2004), as described below. 
 
2.4.4.1. Membrane properties 
 
It is well known that membrane characteristics, such as pore size, porosity, roughness, hydrophilicity, 
etc., play a significant role in membrane fouling processes (Chang et al., 2002; Judd, 2004). Effects of 
pore size on membrane fouling strongly depend on the feed solution characteristics, in particular, par-
ticle size distribution (Chang et al., 2002). Particle size and size distribution, which can differ substan-
tially due to differences in the environment of the treatment plant, have a significant impact on pore 
blocking of membrane. According to Lim et al. (2003), small particles affect fouling much more than 
large particles. In the MBR process, the flocs' median diameter is ten times smaller than in the CAS 
system and ranges from 4 to 40 µm (Sombatsompop, 2007). The reasons are high aeration and turbu-
lence in the MBR (Sombatsompop, 2007) and/or shear forces caused by pumping during crossflow fil-
tration (Kim et al., 2001), thus leading to the breakup of biological flocs. With respect to the particles 
or substances to be removed, the maximum pore size can be chosen, for example, with the aim of dis-
infecting the effluent (Evenblij, 2006). 
Membrane materials also play a decisive role, since they may interact with substances in the feed 
flow. In order to minimize fouling by hydrophobic compounds, membrane materials, such as polymers, 
feature modified surfaces to provide the appropriate degree of hydrophilicity (Judd, 2004). Further-
more, Zhang et al. (2006) state that membrane porosity has an impact on the membrane adsorption 
process and the degree of this impact depends on adsorption system and membrane pore size. The 
porosity affects the concentration profile of the solute near the membrane surface on the liquid side, 
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(2007), flux reduction correlates with membrane roughness, with rougher membranes tending to ex-
perience more flux reduction than smoother ones. 
 
2.4.4.2. Operating conditions 
 
Regarding operating conditions, membrane permeate flux seems to be the key parameter controlling 
the fouling rate rather than membrane aeration and solids concentration (Gui et al., 2003; Germain et 
al., 2005). The need to maintain a high permeate flux is one of major cost factors - capital as well as 
operating costs - associated with submerged membrane systems. Previous studies showed that MBR 
operation at high flux rates, i.e. at high convection rates toward the membrane, leads to colloidal ag-
gregation and the formation of cake layers on the membrane surface (Chang et al., 2002; Sen Gupta et 
al., 2005) and to irreversible adsorption of compounds to be removed only by chemical cleaning (Le 
Clech et al., 2003). 
The introduction of the so-called critical flux concept, by Field et al. (1995), has become the focus of 
many studies on submerged MBR. The hypothesis for MF is based on the existence of a flux start-up 
value, the critical flux, below which a flux decline (or an increase of TMP) with time does not occur. 
The operation below the critical flux, i.e. subcritical flux is expected to lead to little or even no irrevers-
ible fouling. The highest flux at which TMP remains stable is the critical flux and is influenced by pa-
rameters such as MLSS, membrane material, and system hydrodynamics (Chang et al., 2002). Howev-
er, many authors believe that the concept of critical flux is not to be applied to MBRs. The reason ap-
pears to be the presence of colloidal and/or dissolved matter depositing onto or within the membrane 
at all fluxes greater than zero, thus causing measurable permeability decline even under sub-critical 
flux conditions (Cho et al., 2002; Judd, 2006; Zhang et al., 2006). 
The crossflow system (see chapter 2.6.1) seems to have a major influence on membrane fouling be-
sides permeate flux (Germain et al., 2005). Crossflow velocity (CFV) affects the mass transport of par-
ticles away from the membrane surface, thus preventing their accumulation, and promotes the back 
transport mechanisms (see chapter 2.5.1). CFV is generated by aeration, which not only provides oxy-
gen to the biomass, but also maintains the solids in suspension and scours the membrane surface, and 
thus mitigates fouling (Chang et al., 2002). Germain et al. (2005) report that higher membrane aera-
tion intensities result in lower membrane fouling rates, however, there is a limit beyond which there is 
little improvement despite further increasing gas flow. Hong et al. (2002) explain this phenomenon by 
an increase in the back transport of foulants from the membrane surface. Under specific conditions 
intermittent airflow can achieve better fouling control than continuous airflow at constant or lower net 
airflow rates (Fane, 2005b). The immediate effect of CFV is the shear stress on the membrane surface, 
which may be a measure of its effectiveness. However, in submerged systems it is difficult to calculate 
shear stress because of the discontinuous flow pattern near the membranes caused by air bubbles 
(Evenblij, 2006). 
Another important operating parameter that tends to encourage fouling certainly is the SRT, i.e. 
sludge age. However, SRT cannot be considered as direct fouling cause, but rather as parameter in-
fluencing various sludge properties, such as floc size, settling characteristics, sEPS/SMP (soluble extra-
cellular polymeric substances/soluble microbial products) content etc., characteristics that are directly 
related to fouling rates (Al-Halbouni, 2008). Police et al. (2008) report that there is a large difference 
in sludge filterability, membrane cleaning, and biological activity in MBR when the system is operated 
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duction of excess sludge (see chapter 2.3.4). The most obvious impact of SRT variation is on MLSS 
concentration (Chang et al., 2002). Most studies show that a moderate to high SRT results in less 
membrane fouling (Cicek et al., 2001; Grelier et al., 2006; Zhang et al., 2006). Although there are many 
studies dealing with different aspects of SRT, studies giving more detailed insights into fouling me-
chanisms and their relation to SRT dependent parameters are still lacking. Many authors state a nega-
tive impact on membrane fouling by low SRT, generally, by high concentrations of SMP or bound EPS 
(Rosenberger, 2003; Grelier et al., 2006; Drews et al., 2008; Malamis et al., 2009). Carbohydrates, par-
ticularly the polysaccharide fraction in the supernatant, of SMP or soluble EPS are often considered as 
major cause of membrane fouling in MBR (see chapter 2.4.4.3) (Judd, 2004; Grelier et al., 2006; Ro-
senberger et al., 2006; Pan et al., 2010). 
There are other factors that vary with SRT and thus influence fouling, such as dissolved oxygen (DO) 
concentration or sludge morphology. To mineralize SMP/sEPS, oxygen is required. Drews et al. (2005) 
conclude that unsteady states, such as shifts in oxygen supply, seem to result in increased EPS forma-
tion. Lu et al. (2001) report that a DO concentration below 1 mg/L leads to elevated EPS concentra-
tions. Therefore, control of aeration in submerged MBR is essential. Furthermore, sludge morphology 
changes significantly with modified SRTs, going along with changes in sludge floc size and free water 
content and thus with the development of different microbial communities that may affect membrane 
fouling (Meng et al., 2006; Al-Halbouni, 2008). Massé et al. (2006) observed a decrease in floc size 
with higher SRTs. This was explained with the development of non-flocculating organisms producing 
less biopolymers responsible for the formation of floc aggregates. Moreover, better degradation and 
hydrolysis of macromolecules are provided at high SRTs. 
 
2.4.4.3. Biomass characteristics 
 
The composition of activated sludge, (see Figure 2-8), in a biological wastewater treatment process is 
very complex. Generally, activated sludge contains suspended particles (microorganisms, flocs, inert 
material), colloids and solutes (Rosenberger et al., 2006) that derive from feed water components and 
metabolites produced during biological reactions. 
 
 
Figure 2-8: Scheme of an activated sludge floc with ambient microorganisms (Al-Halbouni, 2008). 
 
Each of these components can affect the fouling process (Chang et al., 2002). However, due to the 
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fouling is discussed controversially in the literature. While some authors report a negative impact of 
particle concentration, i.e. suspended solids (SS) or (MLSS), on membrane fouling, some report posi-
tive ones and some none at all (Cicek et al., 1998; Madaeni et al., 1999; Lee et al., 2001). Defrance et al. 
(2000) report the biomass relative contribution on fouling to be 65, 30, and 5 % for the suspended 
solid fraction, colloids, and dissolved matter, respectively. 
When considering the experimental setups, the general trend of MLSS increase on fouling in munici-
pal applications seems to result in less fouling at very low MLSS concentrations (< 6 g/L), no impact 
at medium MLSS (8-12 g/L), and more fouling at very high MLSS concentrations (> 15 g/L) (Rosen-
berger et al., 2005). Others identified the soluble and colloidal fraction of activated sludge, also re-
ferred to as SMP, as the most significant factors responsible for membrane fouling (Bouhabila et al., 
2001; Cicek et al., 2003b; Rosenberger et al., 2006). 
Molecules or grain size distribution of soluble organic compounds in the liquid phase of activated 
sludge covers a wide range from nanometer to micrometer. According to Howe et al. (2002), the im-
pact of particulate material (larger than 0.45 µm) on fouling was almost negligible compared to so-
luble compounds smaller than 20 nm. Other authors (Yuan et al., 2000; Fan et al., 2001) show that 
high molecular weight (MW) compounds make a larger contribution to the fouling potential than low 
MW compounds, however, no author defined the upper size limit of compounds resulting in permea-
bility decline. 
In activated sludge models (ASM) of IWA, 0.45 µm filters act as indicator for screening particulates 
from colloids and solutes (Henze et al., 1999). However, it should be noted that there is no strict size 
classification of particulates, colloids, and solutes. Howe et al. (2002) define particulate matter, collo-
ids, and dissolved organic matter (DOM) in the range of > 0.45 µm, 3-20 nm, and < 3 nm, respective-
ly. Jiang (2007) differentiates macromolecular organic matter (MOM) from colloids, MOM to be in the 
range of 0.001-0.1 µm and colloids in the range of 0.1-1 µm. In this thesis, particulate matter, colloids, 
and truly dissolved matter are defined in the range of > 0.45 µm, 0.04-0.45 µm, < 0.04 µm, respec-
tively. 
Rosenberger et al. (2006) conclude that it is difficult to compare literature data, as MBR operating 
conditions and analytical methods differ. There are no standard methods for phase separation or the 
determination of the fouling potential. Methods used for phase separation are e.g. centrifugation, se-
dimentation, flocculation, and filtration. The fouling potential is determined both in batch trials and by 
analyzing online data of the respective modules in the MBR. 
Soluble microbial products (SMP) and extracellular polymeric substances (EPS) are the mostly 
frequently used terms for compounds found responsible for membrane fouling in the MBR (Nagaoka et 
al., 1996; Chang et al., 2002; Drews et al., 2007). However, there is no clear distinction between SMP 
and EPS. 
In general, EPS can be classified according to the activated sludge phase, i.e. bound EPS is associated 
with flocs and soluble EPS is present in the liquid phase of activated sludge (soluble and colloidal frac-
tion) (Jiang, 2007). SMP and soluble EPS are organic macromolecular microbial derivation products. 
According to Laspidou and Rittmann (2002), they do not differ from each other. Due to their complexi-
ty, soluble EPS and SMP solutions are both characterized via the following sumparameters, i.e. protein 
and carbohydrate (mainly compounds such as polysaccharides) (Fan et al., 2006; Rosenberger et al., 
2006; Wang et al., 2006), chemical oxygen demand (COD) concentration, and total organic carbon 
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separating the water phase from the biomass and for analyzing SMP and EPS, the comparison of re-
sults between research groups is difficult and leads to contradiction. 
In this thesis, SMP and soluble EPS are generally called biopolymers and in order to determine their 
fouling potentials, they are analyzed with photometric (protein, polysaccharide, COD, TOC) and chro-
matographic methods (see chapter 5). 
 There are further parameters associated with the particulate fraction that are reported to influence 
membrane performance. These are particle size distribution (see chapter 2.4.4.1), sludge hydropho-
bicity (Chang and Lee, 1998; Meng et al., 2006), sludge viscosity (Nagaoka et al., 1996; Günder, 
1999), and dewaterability (Wang et al., 2006; Wang et al., 2008). 
Hydrophobic flocs lead to high flocculation propensity of sludge. Some authors found that highly hy-
drophobic flocs can have an impact on membrane fouling (Chang and Lee, 1998; Meng et al., 2006). 
EPS concentration and the presence of filamentous bacteria in sludge directly influence the relative 
hydrophobicity in the biomass floc. Meng et al. (2006) report that excessive growth of filamentous bac-
teria resulting in a much higher release of EPS, higher hydrophobicity of sludge flocs, and more irregu-
larly shaped flocs are responsible for severe membrane fouling. In another example, foaming sludge 
showed a 100 times greater flux decline than non-foaming sludge. The increase was attributed to the 
hydrophobic and waxy nature of the foaming sludge surface (Chang and Lee, 1998). 
The dewatering or filterability of sludge can be characterized by the capillary suction time (CST). The 
CST test determines the rate of water released from sludge (Sombatsompop, 2007). A high value of 
CST usually implies poor filterability and dewaterability of sludge (Chen et al., 1996). Some research-
ers report that CST has a significant influence on membrane fouling, more than other sludge variables, 
such as viscosity, MLSS, and proteins in the mixed liquor (Wang et al., 2006; Wang et al., 2008) and 
was also found highly related to the amount of SMP (Pan et al., 2010) and polymeric substances such 
as carbohydrates and EPS (Jin et al., 2004). Due to its significant correlation with membrane fouling, 
simple equipment, and short time required, CST could be one of the most effective and convenient 
sludge variables for evaluating sludge properties and membrane fouling in submerged MBRs (Wang et 
al., 2006). 
Viscosity describes a fluid's internal resistance to flow and is determined as a function of shear rate 
 [s-1] and shear stress [Pa]. The correlation between the shear rate and shear stress is presented in the 
form of a flow curve. According to Rosenberger (2003), viscosity proprieties of activated sludge are 
influenced by sludge concentration. In general, the rheological prosperities of activated sludge are re-
ported to be pseudoplastic (non-Newtonian) in nature (Lotito et al., 1997) or pseudoplastic with initial 
yield stress (Slatter, 1997), suggesting that sludge viscosity decreases with shear rate. Pseudoplastic 
behavior can be explained by the bioparticulate structure of activated sludge. The biomass particles 
tend to flocculate resulting in a large-scale of flocs network. This structure is disrupted with increasing 
shear rate, resulting in a decrease in viscosity. High MLSS concentrations might be expected to have a 
profound influence on MBR performance owing to its effect on both the dynamic cake layer thickness 
and viscosity. The formation of flocs or other cell aggregates is provided by EPS, which form a highly 
hydrated gel, keeping the microorganisms together. Sludge viscosity has been reported to increase also 
with EPS concentration (Nagaoka et al., 1996; Günder, 1999). The correlations between shear rate, 
shear stress, and optionally yield stress (non-Newtonian fluids) are described by the mathematic re-
gression analysis. Table 2-3 shows mathematical models (Newton, Oswald de Waele, und Herschel-
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Apparent viscosity Parameters Function 
NEWTON  =   n, n=1 dyn  f() 1 (linear) 




 = K  n, n<1 s = f() = K  






 = 0 + K  




 0 + K  n-1 3 (non-linear 
plastic) 




Temperature is a well-known factor influencing the kinetic parameters of biological processes and 
plays a significant role during degradation processes and thus for wastewater treatment. Many re-
searchers have already observed the temperature impact on the fouling behavior (Barker et al., 1999, 
2000; Jiang et al., 2005; Rosenberger et al., 2006; Drews et al., 2007). It is also believed that SMP is 
produced as a response to environmental stress imposed on microorganisms, enhanced at low temper-
atures (Schiener et al., 1998). 
 
2.5. Modeling of membrane filtration processes 
 
In this chapter, the processes of diffusive and hydrodynamic mass transfer, i.e. hydraulic resistance 
due to membrane material, concentration polarization, pore blocking, and adsorption are described. 
The accumulation of rejected material near the membrane surface (concentration polarization) or on 
the membrane (cake or gel layer buildup) leads to an increased hydrodynamic resistance to solvent 
flow through the membrane (see chapter 2.4.3). During operation, these processes contribute signifi-
cantly to the decline in permeate flux and/or increase in the pressure drop. 
In order to describe or predict the permeate flux decline in membrane filtration, different models are 
used that involve different mass transfer mechanisms for estimating cake layer formation and concen-
tration polarization. Valuable reviews on ultrafiltration and microfiltration models, for example, are 
offered by Belford et al. (1994) and Bowen and Jenner (1995). In the following paragraphs, the existing 
models referring to “film theory” (Belford et al., 1994), gel polarization, and resistance in series are 
reviewed. 
 
2.5.1. Diffusive mass transfer - concentration boundary layer 
 
Due to the rejection of suspensions of fine particles and solutes near the membrane surface, the con-
centration in the boundary layer will gradually increase (see Figure 2-9). In a certain distance () from 
the membrane surface, complete mixing is assumed resulting in a constant bulk concentration (cb). In 
the laminar boundary film layer, with the thickness (), the concentration (c) is increasing due to the 
convective solute transport in direction (x) of the flux and reaches a maximum value at the membrane 
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Figure 2-9: Boundary layer formation (concentration polarization) in ultrafiltration (Beier, 2007). 
 
The convective flow of solutes toward the membrane surface may be expressed as J·c, whereas the 
flow of not fully retained solute through the membrane equals J·cp (Mulder, 2000). The accumulation 
of solutes in the boundary layer creates a concentration gradient. This convective transport is counter-
balanced by the diffusive transport of solutes back into the bulk solution and the fraction of the solute 
that passes the membrane. This condition can be achieved only if the solute concentration at the mem-
brane wall is higher than that in the bulk solution. It should be noted that only the phenomena of con-
centration polarization are considered here with fouling being excluded. 
The solute mass balance in the laminar boundary film layer can be described via the Fick’s first law 





DcJ                                                                (2.13) 
 
with: 
D - diffusion coefficient, [m2/s] 
dc/dx - concentration gradient in the laminar boundary film layer, [kg/(m3m)] 
c - solute concentration, [mol/L, kg/m3] 
  
The boundary conditions are: 
x = 0   c = cm 
x = -  c = cb 
 
The mathematical description of steady-state permeation under these conditions is commonly known 
as “film theory” (Belford et al., 1994). The integration of the equation 2.6 results in (Mulder, 2000): 
 


























                                            (2.14) 
 
The ratio of the diffusion coefficient (D) and the thickness of the boundary layer () can be replaced 
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towards the bulk solution. Since cm and cb are constants for a given solution, the limiting flux (J) can 
only be increased by increasing k. The mass transfer coefficient (k) is related to the Sherwood number 
(Sh) (Mulder, 2000): 
 
















 Re                                        (2.15) 
 
with: 
Re - Reynolds number 
Sc - Schmidt number 
a, b, c, d - constants 
dh - hydraulic mean diameter of the feed channel, [m] 
L - length of the feed channel, [m] 
 
In the film theory model, the back-diffusion of particles is based on Brownian diffusion, hence the dif-
fusivity D is given by the Stokes-Einstein relationship (modified after Wett, 2005): 
 


















 [m2/s]                                                      (2.16) 
 
with: 
T - absolute temperature, [K] 
kB - Boltzmann constant (1.380710
-23), [J/K] 
dp - sphere diameter, [m] 
 - dynamic viscosity of the permeate, [Pa·s] 
 
Furthermore, during filtration of high-molecular solutes, the boundary layer finally reaches a maxi-
mum concentration where a solid gel is built at the membrane surface. This way, the upper limit for 
the permeate flux is reached, since the gel concentration (cg) is the highest possible solute concentra-
tion. The assumption of complete solute rejection and forming the steady state mass balance of the 
solute in the boundary layer leads to a simple correlation for the limiting permeate flux (Michaels, 
1968): 
 












kJ lnlim                                                                     (2.17) 
 
with: 
k - mass transfer coefficient, [m/s]  
c - solute concentration, [mol/L, kg/m3] 
 
This Michaels’s correlation is also called the gel polarization model and has been extensively used in 
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2.5.2. Hydrodynamic particle transport – cake buildup 
 
However, colloidal suspensions, and their behavior at the membrane surface during filtration, can no 
longer be described via diffusive mass transport models, but rather with hydrodynamic models. Several 
transport mechanisms interact to bring particles close to the membrane surface or to transport them 
away from the membrane into the bulk solution. Particles being arranged sufficiently close to the 
membrane surface deposit in case the decisive forces (see Figure 2-10), acting on suspended particles, 
favor attachment to the membrane or to previously deposited material (Chellam and Wiesner, 1992). 
 Altmann and Ripperger (1997) distinguish the forces on streaming and deposited particles. On 
streaming particles only hydrodynamic forces act, while on deposited particles there are additional 
adhesive and friction forces between the particles and the contact surface. 
 
 
Figure 2-10: Forces acting on a single particle (modified after Altmann and Ripperger, 1997). 
 
 
Under defined hydrodynamic conditions, i.e. 
 The flow in the channel is mostly turbulent 
 The size of the filtrated particles is usually smaller than the thickness of the laminar boundary 
layer 
 Close to the membrane, the crossflow velocity w(y) increases linear with the distance to the 
membrane (y), the following forces can be described: Fy – drag force of the filtrate flow, FD – 
drag force of the crossflow, FL – lift force, FF – friction force. 
Furthermore, Altmann and Ripperger (1997) report that it is mainly the balance between the lift force 
and the drag force of the filtrate flow that determines the layer formation at the membrane. This 
means, at high filtration rates the drag force of the filtrate flow is higher than the lift force, hence the 
particles are transported to and deposited on the membrane surface. At low Reynold numbers, the 
drag force of the permeate flow (FY) can be estimated with the Stockes equation: 
 
          FY vxF  3  [N]                                                          (2.18) 
 
with: 
 - dynamic viscosity of the permeate, [Pa·s] 
x - particle size, [m] 
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Since the Stockes equation (2.18) considers only very low particle concentrations without particle in-
teraction, it is necessary to add a correction factor () that depends on particle size (x), particle size 
distribution (q3(x)), and on the volume concentration (s). 
Moreover, the attachment of particles to the membrane is caused by the large influence of the adhe-
sive forces, i.e. van der Waals forces and electrostatic interactions that, in most cases, lead to irreversi-
ble processes. 
 













h - Lifschitz-van der Waals constant, [eV] 
a - adhesive distance (0.4 nm), [nm] 
 
However, the estimation of these forces is complicated because of many parameters influencing the 
adhesive forces. 
 
2.5.3. Membrane mass transfer resistance 
 
The most common way to model MF/UF processes is by the resistance-in-series approach. This model 
assumes a correlation between permeate flow, concentration polarization (Rcp), fouling (Rf), and 
membrane resistance (Rm). Hydraulic resistance is the result of material accumulation on the mem-
brane surface and/or in the membrane pores. The fouling resistance (Rf) is the sum of resistance due 
to adsorption (Ra), pore blocking (Rp), and gel/cake layer formation (Rg). Using Darcy’s law as a theo-

















 [L/(m2h)]                             (2.20) 
 
with: 
Jp - permeate flux, [L/(m
2h)] 
AM - membrane surface, [m
2] 
Vp - volume of permeate, [L] 
t - operation time, [h] 
p - transmembrane pressure, [bar] 
 - dynamic viscosity of the permeate, [Pa·s] 
 
Membrane controlled mass transfer provides the simplest operational condition for porous membrane 
systems in the absence of fouling, with pressure as driving force (Stephenson et al., 2000). 
Rm is the membrane intrinsic resistance characterized mainly by pore shape and size and membrane 
thickness, as determined during the manufacturing process (Chang and Kim, 2005). Rf depends on 
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  [1/m]                              (2.21) 
 
with: 
 - porosity (or voidage), [-] 
 - dynamic viscosity of the permeate, [Pa·s] 
S - specific area (surface area per unit volume), [m2/m3] 
 - tortuosity, [-] 
p - thickness of the porous layer, [m] 
K - constant equal to 2 for perfectly cylindrical pores, [-] 
 
However, during membrane operation with real feed, membrane resistance may be only a small part 
of the total resistance, usually negligible. Resistance is usually measured via a series of filtration expe-
riments comprising pure water filtration, sludge filtration, and pure water filtration following filter 
cake removal (Chang et al., 2002). Adsorption resistance (Ra) is caused by adsorption on the mem-
brane surface or pores and occurs independently of flux. For measuring this variable, for a certain time 
(usually a few hours) the membrane is brought into contact with the feed in the absence of flux. Then, 
a pure solvent flux at a known TMP is measured. The experiment can be repeated for other contact 
times. Other resistances, such as concentration polarization (Rcp), pore blocking (Rp), and gel/cake 
layer formation (Rg), are estimated during the operation with feed, via the solvent transport through 
the membrane (Peinemann and Nunes, 2010). However, the validity of differentiating between various 
resistance components on the basis of arbitrary physical tests is questionable (Chang et al., 2002). 
Therefore, Gander et al. (2000) prefer to estimate a single resistance value, i.e. Rf, including all resis-
tances except the clean membrane. 
 
2.6. Strategies for fouling reduction and improved membrane performance 
 
MBR performance is generally assessed by two parameters, the biological treatment capacity of the 
bioreactor and the hydraulic membrane efficiency in terms of permeability. In order to ensure the re-
quired hydraulic performance of MBRs in municipal wastewater treatment, there is a choice of several 
measures to be considered if need be. 
There are a number of commonly used cleaning techniques and strategies for the removal of fouling 
layers, such as backwash with permeate, relaxation breaks, membrane surface scouring by using gas 
bubbles in a liquid (crossflow), chemical cleaning, and any combination thereof. Moreover, coagula-
tion/flocculation and adsorption processes as well as the application of expanded clay or Kaldnes® 
elements are discussed. The method of choice for fouling control must be technically and economically 
feasible, upgradeable to production size, and well suited for cleaning in place. 
 
2.6.1. Control of filter cake buildup – Crossflow aeration system 
 
Fouling control of the filter cake buildup in MBRs is achieved by an additional “crossflow” aeration 
system from below the membrane unit (see chapter 2.3.1). The commonly applied coarse-bubble 
crossflow system provides high levels of air turbulence and shear forces that scour the membrane sur-





Fundamentals of membrane separation processes   31 
high liquid shear velocity, the air flow rate of coarse-bubble aeration is more than twice compared to 
fine-bubble aeration systems (Krause, 2005). 
As crossflow aeration is the largest energy consumer in MBRs (0.5-1.2 kWh/m3 permeate) (DWA, 
2007a), many MBR manufacturers and researchers engage in the optimization of membrane air scour 
energy (Engelhardt, 2003; Krause, 2005; Fane, 2005b). The cake removing efficiency was improved by 
intensifying the air flow without increasing the air flow rate (Ueda et al., 1997). Therefore, it was sug-
gested to stack several membrane modules over a smaller floor area in order to enhance the aeration 
intensity and to decrease the aeration demand. Moreover, Cui et al. (2003) report that slug or plug 
flow provides maximum efficiency for promoting flux. 
In practice, membrane aeration values are based on experience and usually recommended by the 
membrane's manufacturer. Aeration rates from pilot and full-scale studies are rather taken than theo-
retical ones, since the calculation of the relationship between aeration and flux decline is arguable and 
yet not fully understood (Judd, 2006). The key parameter to calculate the energy demand of sub-
merged MBRs is the specific aeration demand, i.e. the ratio of the air flow rate (Qf) either to the mem-
brane area (SADm), as individual membrane element, or the permeate volume (SADp). Current mem-
brane systems are operated in the range of 0.2-0.8 Nm3/(m2·h) (Judd, 2006; Guglielmi et al., 2008; 
Verrecht et al., 2008; Lorain et al., 2010), normalized to 20 °C, since the air flow is temperature depen-
dent. 
 
2.6.2. Membrane cleaning 
 
2.6.2.1. Physical cleaning (backwash with permeate, relaxation) 
 
Backwashing (or backflushing) is a physical measure of intermittent cleaning or partial recovering of 
fouled membranes. In a backflushing procedure, a slight overpressure is applied to the permeate side 
of the membrane, forcing solution from the permeate side to the feed side of the membrane. The flow 
of solution removes deposited material from the surface, this kind of fouling therefore generally called 
“reversible” fouling. This method is commonly used to clean submerged hollow-fiber membrane mod-
ules that can withstand reverse permeate flow without damaging the membrane. In flat-sheet mem-
brane modules, backwashing is usually not applied because of damage risk. However, there is an ex-
ception, a new membrane module (Bio-Cel®), developed by Microdyn-Nadir, that ensures efficient 
backwashing of the membrane (see chapter 2.3.2) without damage. 
Relaxation refers to the periodical break of the filtration process and thus allows for the removal of 
deposited foulants from the membrane surface by diffusive back transport in “relaxed” conditions. This 
process is further enhanced by the shear created by air scouring (Chua et al., 2002). Relaxation can be 
easily implemented in all MBR configurations (Jiang, 2007). In contrast to backflushing, there is no 
demand of permeate. 
During backflushing and relaxation, applied at the end of each filtration cycle, membrane scouring 
with air bubbles is continued. In order to avoid membrane damage, backflushing has to be performed 
with great care. Interval between backflushing periods usually is in the range of a few minutes. Mem-
brane suppliers normally provide information on backwash and relaxation procedures (frequencies, 
flux, etc.) required for their systems. As variations in backflush frequency and flux as well as the dura-
tion of relaxation periods have an impact on the system's productivity, these parameters should be op-
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2.6.2.2. Chemical cleaning 
 
Since physical measures alone are often not effective enough to maintain sufficient flux and minimize 
the rate of long-term irreversible fouling, chemical cleaning is required for restoring membrane per-
meability. Efficient chemical cleaning requires the selection of cleaning agents that target dominant 
compounds responsible for fouling and that do not adversely affect the membrane itself. Moreover, the 
chemical should loosen and dissolve the foulant, keep the foulant in dispersion, and avoid new fouling. 
Thereby, a good knowledge of fouling mechanisms is essential. 
The commonly used chemical reagents normally belong to one of five categories (with some overlap-
ping): caustic solutions (e.g. sodium hydroxide), acids (e.g. citric acid), oxidative agents (e.g. sodium 
hypochlorite), surfactants, and enzymes (Arnal et al., 2009). Caustic solutions and oxidants are used to 
clean membranes fouled by organic and microbial foulants, whereas acid agents are effective in elimi-
nating mineral fouling. Surfactants affect fouling dominated by the formation of biofilms, whereas 
enzymes are used to solubilize the organic matrix of a fouling layer (Poele and van der Graff, 2005). 
 
There are two procedures in use for chemical cleaning: 
 In-situ, called cleaning in place (CIP) 
Membrane modules are cleaned while either being submerged in activated sludge or with the 
membrane tank drained, the latter called “cleaning in air” (CIA). 
In-situ is a maintenance cleaning that usually takes 30-60 minutes for a complete cycle and is re-
peated every 3-7 days at low reagent concentrations of 200-500 mg/L NaOCl for classical MBRs 
(Judd, 2006). Chemicals are introduced to the permeate during backward flush. 
 Ex-situ, i.e. cleaning out of place (COP) 
This intensive cleaning procedure is carried out either in the drained membrane tank or in an ex-
ternal tank. Ex-situ cleaning is generally performed in case the TMP reaches a maximum allowa-
ble mechanical membrane resistance to regain most of its permeability. During intensive clean-
ing, membrane modules are submerged into chemical reagents for soaking, thus employing high-
er reagent concentrations than with in-situ cleaning. 
 
Physical and chemical cleaning methods as well as chemical reagents are often combined. Organic 
compounds can be removed either with CIP or COP, under the addition of oxidants such as NaOCl, 
while the removal of inorganic compounds is best with citric acid. The efficiency of the cleaning me-
thod used depends on many factors, such as reagent concentration, process temperature, contact time 
of chemicals, and flux. In practice, the most suitable methods are determined by trial and error (prac-
tice tests). 
Though chemical cleaning methods are routine and successfully employed to recover some of the 
flux, nonetheless there are negative aspects to be considered, such as high consumption of hazardous 
chemical agents, manpower requirement, energy consumption, and downtime periods that increase 
the operating costs. Current research focuses on new cleaning strategies, particularly on the avoidance 
of chlorinated by-products caused by using chlorinated oxidants, and the reduction of membrane ma-
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2.6.2.3. Physical-chemical processes 
  
Physical-chemical processes, such as adsorption and coagulation, have been used in the pretreatment 
step for a long time. These processes can be realized as a step prior to membrane filtration or in com-
bination with MBR process as hybrid system for the removal of pollutants from wastewater. 
Adsorbent dosage in MBRs, e.g. with powdered activated carbons (PAC), to alleviate fouling has been 
studied comprehensively (Kim and Lee, 2003; Li et al., 2005; Vigneswaran et al., 2007). It was reported 
that PAC adsorbs and degrades soluble organics, thus effectively reducing SMP and EPS levels and 
leading to enhanced permeability (Kim and Lee, 2003). Similarly, Vigneswaran et al. (2007) state that 
the PAC addition directly into the submerged MBR keeps the organic removal efficiency constant with-
out the need for the membrane to be cleaned for a long time. Li et al. (2005) observed a low fouling 
potential and an increase in critical flux by 32 % at a PAC concentration of 1.2 g/L. However, there 
was no significant improvement in the filtration performance in case PAC was dosed only once and 
without sludge wastage in the bioreactor (Ng et al., 2006). According to Fang et al. (2006), the per-
formance of membrane filtration can be improved by only dosing PAC in regular intervals. Optimal 
selection of the PAC type to be used in the hybrid system is important, in order to minimize the PAC 
dose and to enhance the performance (Thiruvenkatachari et al., 2004). 
Yoon et al. (2004) studied the efficiency of a new membrane fouling reducer. They report on the sig-
nificant flux enhancement in MBR by adding a cationic polymeric material. The flux enhancement was 
explained by the increase in floc size and the reduction in SMPs in the bulk solution. Itonaga et al. 
(2004) found out that the dosage of ferric compounds reduces irreversible fouling and controls sus-
pension viscosity. 
 
2.6.2.4. Alternative cleaning methods – mechanical cleaning 
 
In place of regular cleaning with chemical agents, mechanical membrane cleaning may be used, par-
ticularly if chemical cleaning does not restore membrane flux. 
Another method to remove fouling deposit or concentration polarization is mechanical cleaning. Lowe 
and Durkee (1971) studied the mechanical cleaning in large tubular membrane modules through 
“scouring balls”. The cleaning action is obtained by rolling balls in the channels between the mem-
branes. Some authors reported that the use of turbulence promotors minimize or control concentra-
tion polarization (CP) and membrane fouling through the enhancement of the convective flow and the 
generation of turbulences due to the introduction of turbulence promoters in the flow conduit (Van der 
Velden, 1976; Van der Waal et al., 1977; De Boer et al., 1980; Rios et al., 1987; Noordman, 2000). 
Moreover, turbulence promotors continuously strike the membrane surface and thereby prevent the 
occurrence of CP and membrane fouling and also remove the matter that has already been deposited. 
Rios et al. (1987) considered the use of fluidized bed technique for tubular membrane modules in or-
der to minimize membrane fouling. They stated that use of turbulence-promoting agents resulted in a 
significant increase of permeate flux through the membrane. However, all above mentioned experi-
ments were only conducted for tubular modules and not for submerged flat sheet membranes. 
Wulf and Orth (2008) investigated another mechanical cleaning procedure for MBR. They introduced 
carrier elements into filtration tanks with submerged flat sheet membranes to swirl and clean the 
membrane during filtration. The cleaning elements were polyurethane foam cubes with a size of 3-
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elements partly removed membrane fouling, thereby increasing the membrane's performance. Howev-
er, the study also showed that the introduced carriers damage the membrane and require a big enough 
gap between membrane plates (> 10 mm), i.e. needing a low packing density of membranes. 
Another method to minimize membrane fouling is the application of expanded clay. Klegraf (2006) 
carried out experiments with an expanded clay material (Liapor®) to act as abrasive inorganic materi-
al. However, due to its hygroscopicity, the Liapor® material settled, making a further dosage necessary 
in order to maintain constant concentrations. Klegraf reports that by successively increasing the ex-
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3. General objectives and approach 
 
As already mentioned in chapter 1.1, the performance of MBR systems is greatly influenced by the 
impact of fouling processes. The overall result is that membrane permeability declines and thereby 
increases operating costs. 
Chemical cleaning, performed for fouling control and prevention, involves some negative aspects, in-
ter alia, high demand for cleaning agents, enhanced manpower requirements, shortening of the mem-
brane lifetime (damage by oxidizing chemicals), and not being environment friendly. Moreover, it is 
evident that in practice the decline of the permeability proceeds though chemical cleanings are per-
formed periodically, mostly weekly. 
Since physical and chemical measures alone are often not effective to maintain sufficient flux and 
additional shut down periods increase operating costs, the objective of this thesis is to develop prac-
tice-oriented, chemical-free, low-maintenance, and environment-friendly cleaning strategies for fouling 
reduction and hence decrease operating and maintenance costs of the MBR process. 
The main focus of the present work is to develop a concept of mechanical cleaning by granulates for 
the enhancement of the MBR performance. 
After being introduced into a loop reactor, the granulate acts as abrasive and should continuously 
scrub the membrane via the upward flow alongside its surface, forced by crossflow air, thereby remov-
ing the cake layer. 
One of the most critical aspects of using membrane technology is to ensure that the membranes are 
intact and meet the membrane’s functional requirements of biomass separation. 
On the one hand, the long-term performance of MBR at high flux by using granular material in the 
treatment of municipal and synthetic wastewater is to be examined, and on the other hand, potential 
damages of the membrane surface resulting from the application of abrasive materials are to be moni-
tored. 
There are several methods that can be used to control membrane integrity including the control of 
water quality (turbidity, COD, total coliforms, E. coli, etc.). Moreover, the membrane material is to be 
examined on possible deformation or damage by means of REM images. 
In addition to mechanical cleaning by granulates other concepts are to be investigated: 
 The impact of membrane backwash, using a salt brine solution, on membrane performance 
 
 The impact of chemical and physical cleaning (relaxation breaks) on membrane performance 
 
 The effect of changed milieu conditions (aerobic, anaerobic) on membrane fouling 
 
 The optimization of the crossflow aeration system with regard to the energy demand 
The newly developed practice-oriented methods raise many questions: 
- How to implement the process procedure? 
- What are the interactions arising in connection with the membrane operation? 
- What costs are to be expected? 
- What are the pros and cons compared to other methods? 
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In addition to the study on fouling reduction, questions on permeability loss in MBRs are to be ans-
wered: 
(1) The influence of sludge characteristics (colloidal matter, viscosity, MLSS, CST, etc.), and oper-
ating conditions (temperature, SRT) on membrane fouling 
 
(2) The effect of “truly soluble” matter (material passing the membrane with nominal pore size of 
approximately 0.04 µm) on membrane fouling 
 
To accomplish these aims and to answer the consequential questions, pilot-scale experiments and 
batch tests are to be carried out. The results obtained in this work should provide new insights into 
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4. Materials and methods  
 
This chapter describes the materials and methods applied to develop strategies for fouling minimiza-
tion in submerged membrane filtration. 
 
4.1. Overview of experiments and plants 
 
Four MBR pilot plants were operated in order to achieve information on their biological, hydraulic, 
and physical performance, later to be transferred to full-scale plants. In addition, further experiments 
were carried out in batch mode. 
Below, the test facilities and their respective scopes are presented: 
 MBR pilot plant (A) on the site of the municipal WWTP Süd in Darmstadt-Eberstadt 
- Investigation of the influence of sludge characteristics and operating conditions on 
membrane fouling 
- Investigation of the impact of membrane backwash, using a salt brine solution, on 
membrane performance 
- Investigation of the impact of chemical cleaning on membrane performance 
- Investigation of the effect of long-term relaxation breaks on membrane performance 
 MBR pilot plant (B) on the site of Microdyn-Nadir in Wiesbaden-Biebrich 
- Application of mechanical cleaning with granular material in order to minimize the 
formation of fouling layers 
- Determination of the effect of “truly soluble” matter in wastewater and activated 
sludge on membrane fouling 
- Investigation of the effect of changed milieu conditions (aerobic, anaerobic) on mem-
brane fouling 
- Investigation of the impact of chemical cleaning on membrane performance 
 MBR pilot plant (C) on the site of the municipal WWTP in Wiesbaden-Biebrich 
- Application of mechanical cleaning with granular material in order to minimize the 
formation of fouling layers 
 Pilot plant (D) on the site of the Technische Universität Darmstadt 
- Optimization of the crossflow aeration system with regard to the energy demand 
 
4.1.1. MBR plant (A) in Darmstadt-Eberstadt 
 
4.1.1.1. Plant set-up 
 
Pilot plant (A) is situated on the testing site of the Institute IWAR (Technische Universität Darmstadt) 
at the municipal WWTP Süd in Darmstadt-Eberstadt (see Figure 4-1). The modular MBR system con-
sists of an activated sludge tank with an integrated submerged flat-sheet membrane module of Micro-
dyn-Nadir, Germany. The outline data of the membrane module are presented in Table 4-1. Each oper-
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The load volume of the activated sludge tank can be varied by changing the liquid level.  During the 
test phases with high sludge ages, the volume was 7.6 m3 at a liquid level of 3.3 m; at lower sludge 
ages, the volume was 4.6 m3 at a liquid level of 2 m. 
The plant was operated with mechanically pretreated (screen and grit chamber) municipal wastewa-
ter of the WWTP Darmstadt-Eberstadt. The wastewater was first separated from coarse particles by a 
fine sieve (gap width 0.5 mm). From a storage tank, the wastewater was then discontinuously pumped 
into the MBR system. 
 
Figure 4-1: Flow sheet and illustration of the MBR plant (A) in Darmstadt-Eberstadt. 
 
The MBR plant features two aeration systems: A fine-bubble aeration system to provide sufficient 
oxygen supply for biological processes is located at the bottom of the aeration tank. This aeration sys-
tem consists of 4 aeration diffusers made of silicone membranes of Ott-System, Germany. Secondly, a 
standard crossflow system is placed directly beneath the membrane module in order to control the 
formation of filter cakes at the membrane surface. The fine-bubble crossflow aeration system consists 
of 9 aeration pipes (slits: 1 mm, gap between slits: 2 mm) with variable air outlet openings. This aera-
tion system was continuously operated, the specific aeration demand per membrane area SADm being 
between 0.6 and 0.8 m3/(m2h). 
 
Table 4-1: Characteristics of the membrane material. 
Parameter 
 
Membrane material  Polyethersulfone (PES)  
Membrane area  50 m2  
Nominal pore size  ca. 0.04 µm  
Molecular weight cut off 
(MWCO)  
150 kDa  
Dimensions  1385 x 714 x 1585 mm  
 
For venting the permeate pipe, a manually operated deaeration vessel was installed. In addition, the 





Materials and methods   39 
grammable logic controller (PLC) enabled the MBR plant to be operated fully automatically, however, 
if required, the plant could also be operated manually. Data continuously measured during the opera-
tion (TMP, permeate flow, temperature, liquid level in the MBR tank, oxygen concentration, etc.) were 
stored on a computer for evaluation. 
 
4.1.1.2. Experimental schedule 
 
Table 4-2 gives an overview of experiments conducted at the MBR pilot plant (A) in Darmstadt-
Eberstadt. The investigation on the influence of sludge characteristics and operating conditions on 
membrane fouling were carried out over the whole test period of 723 days. Between the 605th and the 
723rd day, the investigation on the impact of backwash with a salt brine solution on membrane perfor-
mance was conducted. 
 
Table 4-2: Overview of experiments at the MBR pilot plant (A) in Darmstadt-Eberstadt. 
Purpose of sub-experiment Feed Day of operation 
Operational 
parameters 
Influence of sludge characteristics 





See Table 4-3  




The following experiments were conducted at the MBR pilot plant (A): 
 
 Investigation of the influence of sludge characteristics on membrane fouling 
In order to investigate the influence of sludge characteristics on membrane fouling, experiments with 
different sludge ages between 10 and 35 days were carried out. The period of each sludge age test 
lasted at least 3 times the respective sludge age. To determine the fouling potential, the permeability 
was continuously evaluated by measuring both TMP and permeate flow. To assess the sludge condition 
in each testing phase of the respective sludge age, the following parameters were determined: CST, 
COD, MLSS, proteins, polysaccharides. In addition, viscosity measurements were conducted and mi-
croscopic images were prepared at regular intervals. 
 
 Investigation of the impact of backwash, using a salt brine solution, on membrane perfor-
mance 
The investigation of membrane backwash with a salt brine solution was to provide information on 
the effect of cleaning clogged membrane pores. The change in electrolyte concentrations via the use of 
salt brine is meant to remobilize ionogenic macromolecules that clog the membrane pores, allowing 
the blocked pores to be rinsed free. Following the principle that a salt solution holds free charge carri-
ers that shield the monomer charge weakening electrical interaction, experiments with different con-
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4.1.1.3. Measuring protocol 
 
During operation, membrane performance was evaluated via chemical analyses of influent and efflu-
ent samples and activated sludge characteristics. Table 4-3 depicts the measuring program with its 
analysis parameters. 
 
Table 4-3: Analysis parameters and measuring program. 
Parameter Interval Notes 
Influent into the MBR tank 
COD [mg O2/L]  daily  grab sample  
COD(0.45 µm) [mg O2/L]  3 x week  grab sample  
NH4
+-N [mg N/L]  weekly  grab sample  
NO3
--N [mg N/L]  weekly  grab sample  
Suspended solids [mg/L]  daily  grab sample  
Ignition loss [%]  daily  grab sample  
pH value [-]  daily  grab sample  
Conductivity [µS/cm]  daily  grab sample  
Anionic surfactants [mg/L]  1  grab sample  
Proteins, polysaccharides [mg/L]  1  grab sample  
MBR tank 
MLSS [g/L]  daily  grab sample  
Ignition loss [%]  daily  grab sample  
CST [s]  daily  grab sample  
pH value [-]  daily  grab sample  
Conductivity [µS/cm]  daily  grab sample  
COD(0.45 µm) [mg O2/L]  daily  grab sample  
Viscosity1 [mPas]  1 
 
grab sample  
Proteins, polysaccharides [mg/L]  1  grab sample  
Microscopic image  1  grab sample  
Effluent 
COD [mg O2/L]  daily  grab sample  
NH4
+-N [mg N/L]  weekly  grab sample  
NO3
--N [mg N/L]  weekly  grab sample  
Turbidity [NTU]  daily  grab sample  
pH value [-]  daily  grab sample  
Conductivity [µS/cm]  daily  grab sample  
Proteins, polysaccharides [mg/L]  1  grab sample  
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4.1.2. MBR pilot plant (B) in Wiesbaden-Biebrich 
 
4.1.2.1. Plant set-up 
 
Figure 4-2 shows the design of the MBR pilot plant (B) on the site of Microdyn-Nadir in Wiesbaden-
Biebrich and the flow sheets for two test phases. 
 
Figure 4-2: Flow sheet (two test phases) and illustration of the MBR plant (B) in Wiesbaden-Biebrich. 
 
The plant, with a total volume of 3.0 m3, consists of a nitrification reactor (1.2 m3) and a denitrifica-
tion tank (0.8 m3) followed by three parallel running membrane filtration tanks (each 0.33 m3). The 
design of this MBR plant only allowed the application of synthetic wastewater (see chapter 6) to be 
inoculated with activated sludge from a MBR plant of Microdyn-Nadir in Wiesbaden-Biebrich. Thereby, 
the plant was operated under defined conditions so that influencing factors could be determined inde-
pendently of the feed. 
Polyethersulphone (PES) flat-sheet membranes (Bio-Cel® BC 10-10) of Microdyn-Nadir, Germany, 
with a MWCO of 150 kDa (corresponding to nominal pore size of approx. 0.04 µm) and an active 
membrane area of 10 m2 (each) were submerged in the filtration tanks. The operation sequence in-
cluded forward filtration (510 s), relaxation (30 s), backwash (30s), and relaxation (30 s). Each mem-
brane tank was equipped with a fine-bubble crossflow aeration system. The specific aeration demand 
per membrane area (SADm) was about 0.7 m
3/(m2h). The MBR pilot plant was fully automated and 
ran parallel in three filtration tanks. 
The pilot plant is equipped with the following online measurements: Oxygen concentration, air flow 
volume (each filtration line and nitrification reactor), flow rate measurement and TMP (each filtration 
line), pH value, temperature, MLSS concentration (nitrification reactor), and turbidity measurements 
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Test phase I 
Preliminary tests with activated sludge were carried out in order to test selected granular material 
(see Figure 4-2): 
 Line#1 – served as reference for line#2 and line#3; here, the standard MBR operation process 
without granular material was simulated, applying a MLSS concentration of 4 g/L ± 1.9. 
 Line#2 and line 3 were operated parallel, both applying the same MLSS concentration as line#1, 
however additionally with two different granular materials (see Table 4-6) at concentrations of 
5 kg/m3 between the 1st and the 34th day of operation and then 4 kg/m3 from the 35th day. 
 
Test phase II 
In the next step, each filtration tank was operated differently: 
 Line#1 – served as reference for line#2 and line#3; here, the standard MBR operation process 
without granular material was simulated. 
 Line#2 – was operated with granular material (see Table 4-6) at a concentration of 4 kg/m3. The 
abrasive material was retained in the tank by using a screen. 
 Line#3 – was operated without granulate in sequence to line#1 and/or line#2. This means, the 
effluent of line#1 and/or line#2 bearing only soluble compounds < 0.04 µm served as influent for 
line#3 (see chapter 4.1.2.2). 
Line#1 and line#2 were operated in parallel at the same MLSS concentration of about 10 g/L whe-
reas line#3 was operated only with permeate (see chapter 4.1.2.2). 
The effect of changed milieu conditions was tested in line#3 between the 297th and the 398th day. For 
this purpose, line#3 was operated in parallel to line#1 at the same MLSS concentration of about 
10 g/L. 
 
4.1.2.2. Experimental schedule 
 
Table 4-4 gives an overview of experiments conducted at the MBR plant (B) in Wiesbaden-Biebrich. 
The tests with granulate were carried out over the test period of 45 days (test phase I) and 622 days 
(test phase II). Between the 148th and the 294th day, the investigation on the impact of truly soluble 
compounds on membrane fouling was conducted. The effect of changed milieu conditions on mem-
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The following experiments were conducted: 
 Application of mechanical cleaning with granular material in order to minimize the forma-
tion of fouling layers 
The mechanical cleaning process with granular material was performed in a loop reactor (see Figure 
4-3). The granulates introduced into the activated sludge filtration tank flow upward alongside the 
membrane, forced by the crossflow air, and are returned with the downstream water flow outside the 
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According to Klegraf (2006) who investigated expended clay in MBR pilot tests (see chapter 2.6.2.4), 
the material should be non-porous, thus excluding expanded clay as its density changes during opera-
tion by taking up water thus forcing the clay to settle. As the granulate should move freely with the 
liquid flow in the reactor, material density should be > 1 kg/L. Furthermore, as the gap between two 
membrane sheets is 8 mm, accordingly the diameter of the particles should be < 5 mm. The form of 
the granulate should be either globular or oval without edges in order to prevent the damage of mem-
brane material. Additionally, the material should be biologically inert. 
Particles made from plastics meet all these requirements. Seven different plastic materials were pre-
selected and clean water tests were performed for visual evaluation. Their specifications are given in 
Table 4-5. 
 
Table 4-5: Preselected materials for clean water testing. 
Material Short name Diameter [mm] Density [kg/L] 
Polypropylene mineral filled PPTV20 2.5 1.05 
Polycarbonate blend PC 1.5 1.10 
Thermoplastic polyurethane 
elastomer TPU1185A 3.0 1.12 
Polymethyl acrylate PMMA 2.5 1.18 
Thermoplastic polyurethane 
elastomer TPU1174D 3.5 1.20 
Polybutylene terephthalate PBT 2.5 1.31 
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TPU1174D (d = 3.5 mm) and PMMA (d = 2.5 mm) showed the best results in the preliminary clean 
water tests, both holding densities of about 1.2 kg/L. Therefore, the experiments in activated sludge 
(test phase I) were performed using these two materials. 
However, in test phase II, the lighter polypropylene (PPTV20) granulate (d = 2.5 mm,  = 1.05 kg/L) 
was used, due to excessive settling of the other granulates in test phase I. Table 4-6 specifies the granu-
late selected for tests with activated sludge (both phases). 
 
Table 4-6: Granulate selected for tests with activated sludge. 
Test phase Material Form Diameter [mm] Density [kg/L] 
1 PMMA Cylindrical 2.5 1.18 
 
TPU1174D Lentiform 3.5 1.20 
2 PPTV20 Oval 2.5 1.05 
 
 
 Determination of the effect of “truly soluble” matter in wastewater and activated sludge on 
membrane fouling 
In order to investigate the effect of "truly soluble" matter (< 0.04 µm) on temporary permeability 
changes, line#3 was charged with the effluent of upstream line#1 and/or line#2, free of particulate 
and colloidal matter (see Figure 4-4). In this thesis, “truly soluble” matter is operationally defined as 
material passing the membrane with nominal pore size of approximately 0.04 µm. 
 
 
Figure 4-4: Flow sheet of the tests on "truly soluble" matter (< 0.04 µm). 
 
 
 Investigation of the effect of changed milieu conditions on membrane fouling 
From applications of the biofilm process it is well known that a change in milieu conditions, i.e. from 
aerobic to anaerobic and vice versa, leads to biofilm removal, which in that case is mostly unintention-
al. In the frame of this thesis, the change in milieu was realized by changing the crossflow aeration 
system from air to nitrogen in the filtration tank. The change in milieu occurred very fast as a result of 
high oxygen consumption due to high concentrations of MLSS. The scheme of the discontinuous re-
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Figure 4-5: Flow sheet of the tests on milieu change. 
 
 
4.1.2.3. Measuring protocol 
 
Table 4-7 presents the measuring program with its analysis parameters. 
 
Table 4-7: Analysis parameters and measuring program. 
Parameter Interval Notes 
Influent into the MBR tank 
COD [mg O2/L]  weekly  grab sample  
MBR tank 
MLSS [g/L]  daily  grab sample  
CST [s]  daily  grab sample  
Proteins, polysaccharides [mg/L]  1  grab sample  
Effluent 
COD [mg O2/L]  daily  grab sample  
Turbidity [NTU]  daily  online  
Expertise of membrane material 
SEM-images  1  grab sample  
Rejection measurements [%]  1  grab sample  
1 – Analyses were conducted irregularly. 
 
 
4.1.3. MBR pilot plant (C) in Wiesbaden-Biebrich 
 
4.1.3.1. Plant set-up 
 
The MBR plant (C) (see Figure 4-6) is located at the wastewater treatment plant in Wiesbaden-
Biebrich and was charged with mechanically pretreated municipal wastewater. The plant consists of an 
activated sludge tank with a total volume of 7.8 m3, in which a membrane module (the same mem-
brane material properties as mentioned above in Table 4-1) Bio-Cel® BC 50-50 with an area of 50 m2 
was immersed. 
Granulate ( = 3 mm,  = 1.04 kg/L, polypropylene, globular), with a concentration of 2.6 kg/m3 
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tested here slightly differs (color, shape, diameter) from the previous applied PPTV20 at plant B as the 
product is not produced or supplied anymore. 
The operation mode consisted of permanent filtration without backwash and relaxation breaks. The 
pilot plant was equipped with two fine-bubble aeration systems: crossflow for fouling control and the 
standard diffuser on the bottom of the tank for supplying the microorganisms with oxygen. The specif-
ic aeration demand (SADm) for this membrane module was about 0.8 m
3/(m2h). The pilot plant was 
started-up with a MLSS content of 4 g/L and during the operation no excess sludge was withdrawn. 
 
 
Figure 4-6: Flow sheet and illustration of the MBR plant (C) in Wiesbaden-Biebrich. 
 
For venting the permeate pipe, a manually operated deaeration vessel was installed. In addition, the 
plant was equipped with an automatically operated excess sludge solenoid valve. The integrated PLC 
enabled the MBR plant to be operated fully automatically, however, if required, the plant could also be 
operated manually. Data continuously measured during the operation (TMP, permeate flow and liquid 
level in the MBR tank, etc.) was stored on a computer via an integrated programmable logic controller. 
 
4.1.3.2. Experimental schedule 
 
Similarly to the MBR plant (B), the application of mechanical cleaning with granular material in or-
der to minimize the formation of fouling layers was tested at the MBR plant (C). The principle of the 
mechanical cleaning has already been described in chapter 4.1.2.2. The only difference is the operation 
with municipal wastewater instead of synthetic. 
 
4.1.3.3.  Measuring protocol 
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Table 4-8: Analysis parameters and measuring program. 
Parameter Interval Notes 
Influent into the MBR tank 
COD [mg O2/L]  
1  grab sample  
MBR tank 
MLSS [g/L]  
1  grab sample  
CST [s]  1  grab sample  
Temperature [°C]  daily  grab sample  
Effluent 
COD [mg O2/L]  
1  grab sample  
Turbidity [NTU]  1  grab sample  
Expertise of membrane material 
Rejection measurements [%]  1  grab sample  
1 – Analyses were conducted irregularly. 
 
 
4.1.4. Pilot plant (D) - glass basin (TU Darmstadt) 
 
4.1.4.1. Plant set-up 
 
The tests on the hydraulic optimization of the crossflow aeration system with regard to the energy 
demand were conducted in clean water in a glass basin at the TU Darmstadt. The construction of the 
tank allowed precise observation of rising air bubbles and the fluid flow. Dimensions of the basin are 
as follows: 3.0 m length, 1.5 m width, and 4.0 m depth (see Figure 4-7 left). To realize the tests, the 
basin volume was reduced to 3 m3 by retrofitting a baffle. Dimensions of the reduced volume are 1.5 m 
length, 1.0 m width, and 2.0 m depth (see Figure 4-7 right). The membrane module was placed in the 
middle of the basin. The basin was filled with clean water which was replaced after each experiment. 
Flat-sheet membranes (Bio-Cel® BC 100-100) of Microdyn-Nadir, Germany, with an area of 100 m2 
were immersed into the basin. The membrane module was equipped in sequence with a coarse-bubble 
crossflow aeration system and with a fine-bubble crossflow aeration system. 
The compressed air was generated by a rotary piston fan (Aerzener Maschinenfabrik GmbH, type 
GMA 10.0). An adjustable frequency converter allowed continuous control of the air volume. For pre-
cise measurement of air volume rates a lobed impeller flow meter (Aerzener G 65, type ZB 039.0), 
with a pressure gauge and a thermometer on the pressure side of the fan, was installed. The standard 
air flow, as intake volume (dry air), was related to the standard pressure of 1.013 hPa and the air tem-
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Figure 4-7: Glass basin (left); selected volume of the glass basin for experiments (right). 
 
The crossflow aeration system has proved to be a powerful tool for boundary layer and fouling con-
trol. The air bubbles resulting from high, turbulent flow, are directed rapidly towards the membrane 
surface in order to minimize membrane fouling and are finally discharged out of system. 
  
 Fine-bubble crossflow aeration system 
The fine-bubble crossflow aeration system was placed below the membrane module (see Figure 4-8 
right). The aeration system consists of seven perforated PVC pipes (drilling of 35 x 50 mm; gap of 
25 mm) with a diameter of 20 mm, each. The fine-bubble aeration is generated via the air outlet from 
fine slots (2-3 mm) of EPDM (Ethylene-Propylene-Dien-Monomer) membranes covered on a PVC pipe. 
The fine-bubble aeration system was installed 0.23 m above the basin bottom. In static conditions, the 
water level of the basin was 2.0 m, resulting in an immersion depth of 1.77 m. 
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 Coarse-bubble crossflow aeration system 
The coarse-bubble crossflow aeration system was arranged below the membrane module (see Figure 
4-9) and consists of nine perforated PVC pipes (drilling diameter of 1 mm; gap of 5 mm) with a diame-
ter of 20 mm, each. The coarse-bubble aeration system was installed 0.55 m above the basin bottom. In 
static conditions, the water level of the basin was 2.0 m, resulting in an immersion depth of 1.45 m. 
 
 
Figure 4-9: Cross-section of the coarse-bubble crossflow aeration system. 
 
 
4.1.4.2. Experimental schedule 
 
The objective of the glass basin experiments was to optimize the crossflow aeration system with re-
gard to its energy demand its efficiency, both in view of fouling control. In the glass basin, clean water 
tests on oxygen transfer were performed at different air volume rates (20 m3/h, 40 m3/h, 60 m3/h, and 
80 m3/h). 
 
4.1.4.3. Measuring protocol 
 
In order to classify and evaluate the test results, additional parameters (air volume flow, water tem-
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5. Analyses 
 
5.1. Sampling and conditioning 
 
All results presented in this thesis are based on grab samples, influent, permeate, and activated 
sludge from the MBR aeration tank. The samples were analyzed within 30 minutes after being taken. 
Exceptions are measurements that were analyzed externally, e.g. viscosity, LC-OCD (liquid chromato-
graphy-organic carbon detection), proteins, and polysaccharides. Prior to dispatch, the samples were 
cooled and analyzed within two days. 
Before analyzing the samples, they were at first homogenized by stirring and shaking. In addition and 
depending on the analysis, samples were filtered using either a mixed cellulose ester membrane filter 
(0.45 µm) of Whatman Schleicher & Schuell (soluble/colloidal COD concentration of the influent and 
activated sludge) or a glass fiber filter GF 92 of Whatman Schleicher & Schuell (suspended solids of 
the influent, MLSS content of activated sludge). For the filtration of activated sludge samples to be 
analyzed for proteins and polysaccharides, PES membrane filters 0.45 µm (Pall) were used. The 
amounts of activated sludge taken for analysis were noted down and considered to calculate the sludge 
age. 
Analyses were carried out in the laboratories of the Institute IWAR, in the laboratory of Mirodyn-
Nadir in Wiesbaden-Biebrich, and externally in the laboratory of the Technische Universität Berlin (vis-
cosity measurement, LC-OCD, proteins and polysaccharides concentration). 
 
5.2. Chemical and physical analyses 
 
For analyzing COD in unfiltrated (CODinf) and filtrated (COD0.45 µm) samples of the influent, ready-to-
use cuvette tests LCK 114 (measuring range: 150-1,000 mg O2/L) and LCK 314 (measuring range: 15-
150 mg O2/L) of Hach-Lange, Germany, were used. The COD of permeate (CODeff) was analyzed with 
LCK 314, see above. The detection was via a photometer (DR 2800) of Hach Lange, Germany. 
Nitrogen compounds in the influent and effluent of the MBR pilot plant were also measured photo-
metrically. The ready-to-use cuvettes LCK 303 (2-47 mg NH4-N/L), LCK 304 (0.015-2.0 mg NH4-N/L), 
LCK 339 (0.23-13.50 mg NO3-N/L) und LCK 340 (5-35 mg NO3-N/L) of Hach-Lange, Germany, were 
used. 
 
5.3. Characteristics of activated sludge 
 
5.3.1. MLSS, MLVSS 
 
The MLSS and the organic fraction of activated sludge (MLVSS, VSS), i.e. mixed liquor volatile sus-
pended solids, were analyzed according to Standard Methods (APHA, 1998). The suspended solids 
(SS) in the influent were measured according to DIN 38 409 part 2 (1987). The samples were dried at 
105 °C (MLSS), ignited at 550 °C (MLVSS) in an oven, and then weighed. The analysis was performed 
with a sample volume of 100 ml. Volatile suspended solids (VSS), i.e. loss on ignition, means organic 
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5.3.2. Viscosity and rheological behavior 
 
The rheological examination of activated sludge from the MBR aeration tank was carried out using a 
rheometer Physica MCR 30 of Anton Paar (Chair of Food Rheology, Technische Universität Berlin). 
Measurements were performed in the double-gap cylinder measuring system (gap: 40 mm) as dupli-
cates, always at the temperature of 20 °C. Samples were analyzed in a shear rate range of 0 – 1000 s-1. 
 
5.3.3. Microscopic images 
 
The microscopic image of activated sludge was performed weekly with a light microscope of Will 
(Wetzlar) BX 300 at a 400 times total magnification. The microorganisms in activated sludge were 
detected by a high-resolution camera and then evaluated. 
 
5.3.4. Filterability (CST) 
 
The CST tests were performed via a capillary suction time filterability tester model 200 (Triton Elec-
tronics Ltd, Essex, England). Whatman No. 17 filter paper was used as suction medium. 
 
5.3.5. Coagulation/flocculation (jar test) 
 
Coagulation and flocculation studies were carried out using common jar test equipment, a reliable 
method to determine the adequate chemicals dosage and to remove turbidity and non-biodegradable 
colloid/organic matter from the sludge liquor phase. Different dosages of coagulants, e.g. PAX XL9 
(polyaluminum chloride), PIX 113 (iron sulfate III), and PIX 111 (iron chloride III) were tested. 
The sludge sample was diluted 1:1 with water. The first step of the jar test involved the addition of 
coagulant to activated sludge and rapid mixing of the sample (as it would be mixed in the flash mix 
chamber) to completely dissolve the coagulant. Then, the sample was mixed more slowly for a longer 
period of time, mimicking the conditions in the flocculation basin, and allowing the forming floc par-
ticles to cluster together. Next, the mixer was stopped and the flocs were allowed to settle, as would 
happen in the sedimentation basin. Finally, the sample was filtered through a PES membrane filter and 
turbidity, COD, and DOC analyses were performed. 
 
5.3.6. Fractionation experiments 
 
Activated sludge from the MBR plant (A) in Darmstadt-Eberstadt was fractionated into four groups: 
0.2-0.45 µm, 0.1-0.2 µm, 0.04-0.1 µm, and < 0.04 µm. First, the free water was separated from the 
sludge by sedimentation and/or centrifugation, respectively. Subsequently, the resulting water sample 
was filtered using three different PES membrane filters (Pall) with pore sizes of 0.45 µm, 0.2 µm, and 
0.1 µm, respectively. As the PES flat-sheet membrane of Microdyn-Nadir, Germany, has a nominal pore 
size of approx. 0.04 µm, the effluent of the MBR plant comprised the fraction < 0.04 µm. COD and 
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5.4. Characteristics of activated sludge supernatant 
 
5.4.1. Soluble/colloidal matter 
 
The analysis of soluble/colloidal proteins and polysaccharides in the liquid phase of activated sludge 
and in permeate was determined externally, in the laboratory of the Technische Universität Berlin 
(Chair of Water Quality Control). 
 
5.4.1.1. Photometric analysis (proteins, polysaccharides) 
 
Photometric analysis was used to quantify proteins and polysaccharides. The calibration of the pro-
tein analysis was carried out using bovine serum albumin (BSA) following Frolund et al. (1996), a 
modified method according to Lowry et al. (1951), while glucose according to Dubois et al. (1956) was 
used for the calibration of the polysaccharide analysis. 
For analyzing proteins and polysaccharides, sludge liquor samples were used, gained by centrifuga-
tion of activated sludge samples and filtration of the sludge liquor using a PES membrane filter of Pall 
(0.45 µm). 
  
5.4.1.2. Chromatographic analysis (LC-OCD) - size exclusion chromatography 
 
The LC-OCD analyses with UV (ultraviolet) and online organic carbon detection (manufacturer DOC-
Labor Dr. Huber Karlsruhe, Germany) were performed by the Water Quality Control Laboratory of the 
Technische Universität Berlin. 
The size exclusion chromatography system includes a separating column (HW 55 S, GROM Analytik+ 
HPLC GmbH, Herrenberg, Germany) for separating soluble organic compounds according to their mo-
lecular weight. In this column, compounds with large molecular weight elute before the smaller ones 
do. The separated compounds are detected by UV adsorption at 254 nm followed by organic carbon 
detection. 
The result of an LC-OCD analysis is a chromatogram (see Appendix B.3) with more or less distinctive 
peaks for the detected organic fractions. To quantify the results, the areas below the peaks are inte-
grated and converted into concentrations using a calibration curve. The first biopolymer peak at the 
organic carbon detector (polysaccharides, proteins, and organic colloids) appears after a retention time 
of 35 to 55 min, followed by humic substances, building blocks, organic acids, and amphiphilic and 
neutral substances. The UV chromatograms show a similar distribution, except that polysaccharides are 
not detectable by UV as they have no double bounds necessary for the absorption of light with a wave-
length of 254 nm. All samples were diluted 1:5. 
To separate the particulate matter from the soluble phase, a sludge sample was centrifuged and then 
filtrated using a 0.45 µm filter (supor200, PES, Pall GmbH). The selected filters had been tested in 
preliminary investigations. It was found out that neither polysaccharides nor proteins are adsorbed on 
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5.5. Membrane material testing 
 
Some membrane samples were cut out for rejection measurements and SEM images in order to ex-
amine membrane material for any damage caused due to the operation with granular material. 
 
5.5.1. Scanning electron microscopy (SEM) 
 
The membrane surfaces were examined via a SEM along with computerized image analysis. Both fac-
es (sheets A and B) of the membrane (see Figure 5-1) were studied in both test phases at the MBR 
plant (B) in order to check for possible membrane damage after using granulate. To carry out the 
analysis, a tenth part of a membrane sheet situated in the middle of the respective module was re-
moved and rinsed. This analysis was not performed for the MBR plant (C) in Wiesbaden-Biebrich. 
Membrane samples were evaluated using a microscope of LEO, type Gemini 982, at an accelerating 
voltage of 5 kV and 20 kV and a pressure of 3 x 10-9 mbar. SEM images were taken at a magnification 
factor of 500 and 1000. The membrane samples (1 cm2) were coated with an ultrathin platinum coat-
ing in order to avoid the accumulation of static electric charge on the test object during the measure-
ment. After that, the samples were prepared for viewing with a scanning electron microscope. 
 
 
Figure 5-1: Schematic representation of collecting samples of both test phases for SEM images (MBR pilot plant 
(B) in Wiesbaden-Biebrich). 
   
 
5.5.2. Integrity tests 
 
5.5.2.1. Membrane MWCO determination – rejection measurements 
 
The membrane MWCO was determined using integrity tests with a test solution. To carry out the 
analysis, a tenth part of a membrane sheet (both faces A and B) situated in the middle of the module 
was removed. Figure 5-1 presents collected membrane samples of both test phases of the MBR pilot 
plant (B) in Wiesbaden-Biebrich. 
After completing the test phase of granulate operation under real conditions (MBR pilot plant (C) in 
Wiesbaden-Biebrich), ten samples of used membranes were investigated. 
The experiments were performed in a thin channel module with an effective membrane area of 
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order to exclude the positive impact of fouling residue on membrane retention, the membrane samples 
were prepared in a thin channel module using citric acid (2 %) and sodium hypochlorite (100 ppm). 
 
 
Figure 5-2: Thin channel module for MWCO determination and water microbiology testing. 
 
 
5.5.2.2. Water microbiology testing (total coliforms, E. coli) 
 
To investigate the rejection of total coliforms and E. coli by membranes, microbiological analyses 
were carried out by using water quality kits by IDEXX (Colilert 18) QuantiTray 2000 System, Germany. 
After 25 months of operation with activated sludge, three membrane samples from the MBR plant (B) 
were collected each of line#1 (reference) and line#2 (operation with granulate); see Figure 5-3. Water 
microbiology tests for the membrane at the pilot plant (C) were not investigated, as this plant had al-
ready been decommissioned. 
 
 
Figure 5-3: Membrane samples (line#1 and line#2) punched for microbiology testing (MBR plant (B) Wiesbaden-
 Biebrich) after 25 months of operation. 
 
The reference membrane module was placed in chlorinated water (100 ppm Cl) about 5 days prior to 
collecting samples. Moreover, three samples of a new membrane (UP150T, PES flat sheet) of Micro-
dyn-Nadir were provided as reference for used membrane samples. 
Prior to the investigation, 5 liters of activated sludge were collected from a MBR pilot plant of Micro-
dyn-Nadir in Wiesbaden-Biebrich and diluted with 5 liters of drinking water. After mixing, the particu-
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was withdrawn by a suction hose and used for testing. The experiments were performed in a thin 
channel module with an effective membrane area of 42 cm2, 0.2 bar pressure, 20 °C temperature, and 
300 U/min (see Figure 5-2). 
The testing included the following steps: 
 Each membrane sample was charged with 300 mL supernatant. 
 200 mL of permeate was filtered into sterile bottles (100 mL) under the above mentioned con-
ditions. 
 Thereby, the supernatant residue concentrated up to 3 times (further concentration would have 
been possible). 
 
The accumulation of the supernatant residue in the thin channel module was calculated via equation 
5.1: 
 






















ci - initial concentration, [mg/L] 
cN - concentration “N” is based on MLSS concentration in the sample, [mg/L] 
Vi - initial volume (supernatant), [m
3] 
VN - volume “N” (accumulated supernatant VN = Vinitial – Vpermeate), [m
3] 




The turbidity was measured online (WTW VisoTurb 700IQ) in the effluent of line#2 of MBR pilot 
plant (B) in Wiesbaden-Biebrich and manually (NEPHLA photometer, Dr. Lange) in the MBR pilot 
plants in Wiesbaden-Biebrich (C) and Darmstadt-Eberstadt (A). 
  
5.7. Brine solution 
 
The brine solution for the membrane backwash was prepared by dissolving sodium chloride (NaCl) in 
tap water, adjusting the required concentration right before the membrane backwash on site. The final 
solution was dosed into the permeate tank and the membranes were backwashed at a flow rate of 
0.6 m3/h. 
 
5.8. Oxygen transfer rate 
 
The oxygen transfer rate (kg/h) describes the quantity of oxygen dissolved per hour in clean water 
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was filled with tap water. Measurements were performed using the non-stationary absorption method 
with sodium sulfate according to DWA (2007b) to determine the volumetric mass transfer coefficient 
(kLa). After the dissolved oxygen in the glass basin had been removed by adding sodium sulfate, oxy-
gen (compressed air) was introduced into the basin via a diffuser. During the reoxygenation of the 
water, the dissolved oxygen concentration was monitored every few seconds until saturation was 
reached. 
 
The change of dissolved oxygen (DO) in the non-stationary absorption method is described as: 
 
              xsL ccak
dt
dc
           (5.2) 
 
with: 
cs - DO saturation concentration, [mg/L] 
cx - DO concentration, [mg/L] 
kLa - apparent volumetric mass transfer coefficient, [1/h] 
 




Figure 5-4: Oxygen transfer test using the non-stationary absorption method. 
 
However, increasing the water salinity because of sodium sulfate leads to false results. Therefore, af-
ter each test the water had to be renewed. To accelerate the oxidation of sodium sulfate, a catalyst 
cobalt chloride (CoCl2 x 6H2O), technically pure, had previously been added to the clean water. All 
tests were performed in the course of aeration system operations. Three oxygen sensors of Orbisphere 
were used, calibrated prior to installation using an oxygen saturation table (DIN 38 408, part 23) and 
considering the current air pressure. 
During the tests, oxygen concentrations were continuously measured and recorded automatically. 
The oxygen transfer capacity in clean water can be calculated by converting the given boundary condi-
tions, such as water temperature, air pressure, tank volume, etc., to standard conditions (20 °C; 
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The result of clean water tests are the parameters kLa and cs. By knowing these parameters, the stan-
dard oxygen transfer rate (SOTR) can be calculated. 
 





  [kg O2/h]                       (5.3) 
 
with: 
V - volume of the tank , [m3] 
 
The specific standard oxygen transfer efficiency (SSOTE) describes the percentage of the mass of 
oxygen in an injected air stream dissolved into clean water at STP (standard temperature pressure 
conditions); see equation 5.4. 
 








SSOTE  [%/m]                                       (5.4) 
 
with: 
hd - diffuser depth , [m] 
Qf - air flow rate, [m
3/h] 
 
The aeration efficiency (SAE) can be calculated if the compressor efficiency is known (see equation 
5.5). 
 
               
P
SOTR
SAE   [kg O2/kWh]                                                     (5.5) 
 
with: 
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6. Results and discussions 
 
6.1. MBR plant (A) in Darmstadt-Eberstadt 
 
6.1.1. Efficiency of biological wastewater treatment of the MBR plant 
 
6.1.1.1. Composition of municipal wastewater 
 
Table 6-1 represents the influent concentrations of the MBR plant (A) in Darmstadt-Eberstadt over 
the whole period of investigation. Influent loads increased between the 157th and the 270th day (see 
Figure 6-1) possibly due to discharge of wastewater from a paper mill in the catchment area. 
Between the 430st and the 640th day, the influent contained high concentrations of surface active sub-
stances (up to 40 mg/L, see Appendix A.1), thus reducing the surface tension of the wastewater and 
consequently providing optimal conditions for foaming and bulking. 
 
Table 6-1: Influent concentrations of the MBR plant (A) being separated in two periods (0-156;271-723(1)/157-
270(2)). 
 
(1) - representation of the measured values over the whole period of investigation except for the period 
of the increased influent load between the 157th and the 270th day. 
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Figure 6-1: Trend of COD and COD0.45µm concentrations in the influent of the MBR plant (A). 
 
 
6.1.1.2. MLSS and MLVSS 
 
Figure 6-2 shows the trend of MLSS and MLVSS of activated sludge. In the commissioning phase, the 
MBR plant was inoculated with 1 m3 of activated sludge from the WWTP Darmstadt-Eberstadt. During 
the first four weeks after commissioning, there was no sludge wasting and a strong growth of MLSS 
was observed. Starting at a MLSS concentration of 14 g/L, excess sludge was wasted daily, and the 
SRT was set at 30 days. Between the 97th and the 114th day, the 233rd and the 255th day, the 229th and 
the 244th day, the 409th and the 415th day, the 430th and the 557th day, and the 632rd and the 638th day 
the operation of the MBR plant was not stable due to foaming, bulking and/or technical malfunction-
ing. These phenomena led to an increased loss of biomass in the system and the decline of the SRT. 
Due to its poor quality as a result of long-term foaming, ca. 3 m3 of activated sludge (40 % of the 
plant) was exchanged against fresh sludge from the WWTP Darmstadt-Eberstadt on the 438th day of 
operation. 
In general, variations in MLSS concentrations resulted from fluctuating influent loads (see Figure 6-1) 
and time lags between sampling, MLSS analyses, and the resulting adjustment of sludge wasting rates. 
The term loss on ignition stands for the organic fraction of activated sludge. At the beginning of the 
operation, loss on ignition was about 75 % and stayed almost constant over three months. Then it in-
creased to > 80 % due to the high loss of biomass associated with a reduction in the SRT. The MBR 
plant was put out of operation and the aeration tank was completely emptied in order to install a new 
fine-bubble aeration system on the bottom of the tank (on the 140th day of operation). After restart, 
the loss on ignition adjusted again to 75 %. Possibly, the fluctuations were caused by the deposition of 
“inorganic sediment” that was stirred up during tank refilling. Afterwards, the loss on ignition varied 
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Figure 6-2: Trend of MLSS and loss on ignition in activated sludge over the whole period of investigation. 
 
Activated sludge from municipal wastewater treatment plants with pretreatment shows loss on igni-
tion values between 70–75 %, according to ATV-Handbuch (1997). Rosenberger (2003) put together 
several MBR plants according to the percentage of loss on ignition. The values were in the high range 
of organic constituents, thereby independent on operating conditions. For MLSS concentrations be-
tween 2 and 18 g/L, loss on ignition ranged up to 86 %. 
 
6.1.1.3. Organic sludge loading 
 
Figure 6-3 shows the organic sludge loading rates with corresponding SRTs over the whole period of 
operation. The organic loading rate (OLR) is based on the COD influent load, calculated from the COD 
concentration in the influent and the influent flow rate per mass of activated sludge, the latter being 
calculated from the MLVSS concentration and the volume of the activated sludge tank. 
Parallel to the rising concentrations of MLVSS, at first the OLR dropped strongly. Afterwards, the val-
ues mostly stayed between 0.02 and 0.2 kg COD/(kg MLVSS·d) with a few outliers depending on SRT, 
MLSS concentration, and influent load of COD. The considerable fluctuations result from large varia-
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Figure 6-3: Organic loading rate (OLR) and SRTs of the MBR plant over the whole period of investigation. 
 
 
6.1.1.4. Microscopic image of activated sludge 
 
Microscopic images of activated sludge facilitate the evaluation of the results of physical-chemical 
analyses. Qualitative and quantitative changes in the microbial community are indicators for distur-
bances, such as insufficient oxygen supply, process instability, and growth of filamentous microorgan-
isms, and in many cases allow conclusions to be drawn on the causes. The monitoring of microbial 
community is therefore extremely important. 
Return sludge from the municipal WWTP in Darmstadt-Eberstadt was used to inoculate the mem-
brane bioreactor. During the subsequent operation, a constant change in the population structure was 
observed, on the one hand caused by new species being introduced with raw wastewater, on the other 
hand as a result of current sludge loading of the plant. During the investigation period with a SRT of 
between 30 and 35 days (see Figure 6-3), rhizopods (amebas) were observed. Amebas are well known 
as an indicator for high SRT, low sludge loading, complete nitrification, and sufficient oxygen supply. 
In that phase, a large diversity of microorganisms was observed, however with the dominance of meta-
zoan and worms. Lemmer (1990) stated that those metazoans are food competitors particularly for 
ciliates. Rotifers and worms are frequently identified in old sludge. The microbial community populat-
ing activated sludge shows its good properties and the process stability. 
After decreasing the SRT to values < 20 days (on the 558th day), initially an enormous growth of ci-
liates, attached to sludge flocs, was observed. However, over time the attached ciliates were replaced 
by crawling ciliates. The experimental periods between the 97th and the 114th day, and the 430th and 
the 557th day were interrupted due to the appearance of filamentous bacteria. Enormous foaming and 
bulking led to process instability that was reflected in the increased occurrence of attached ciliates. 
One of the reasons for the dominancy of filamentous microorganisms might be the introduction of pa-
per mill wastewater, creating an atypical composition of the influent wastewater with high concentra-
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6.1.1.5. Elimination of organic compounds 
 
The MBR plant (A) was charged with an average inflow of 0.78 m3/h, controlled by the liquid level in 
the tank. The daily average influent flow was about 11 m3/d. The hydraulic retention time in the MBR 
was 17 hours at an initial tank volume of 7.6 m3, and later 10 hours at a decreased volume of 4.6 m3. 
The raw wastewater showed large variations in the COD concentrations (100 to 1,300 mg/L, (see Ta-
ble 6-1). The increased concentrations in the influent between the 157th and the 270th day, on average 
765 ± 253.2 mg/L, were caused by the additional load from a paper mill in the catchment area (see 
chapter 6.1.1.1). During the whole investigation period, advanced wastewater treatment was realized 
with regard to the COD, thereby achieving an average COD removal of 95 %. 
 
 
Figure 6-4: Trend of COD elimination and COD concentrations in the influent and effluent of the MBR plant (A). 
 
 
6.1.1.6. Nitrogen removal 
 
As the MBR (A) plant consisted of only one aerated tank, only nitrification took place without denitri-
fication. Due to the recirculation of supernatant into the influent of the municipal WWTP in 
Darmstadt-Eberstadt, high ammonium concentrations up to 136 mg/L NH4
+-N with an average of 
68.2 mg/L ± 29, occurred in the influent of the WWTP (see Figure 6-5). Nitrate-N concentrations in 
the influent were 0.9 mg/L ± 0.7 on average. The average NO3
--N and NH4
+-N concentrations in the 
effluent were 42 mg/L ± 25 and 2.5 mg/L with high fluctuations between 0 and 46.5 mg/L, respective-
ly. The nitrification efficiency was 97 % on average over the experimental period, with a few outliers 
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Figure 6-5: Trend of NH4
+-N elimination and NH4








The flux rates were recorded online by the integrated PLC. In order to determine the course of net 
and gross flux rates, the daily average values were calculated from the recorded data (see Figure 6-6). 
The gross flux rate is the flux during the filtration time. The net flux rate is thereby defined as the 
gross flux rate adjusted for production lost during backwash, relaxation, and cleaning. Figure 6-6 
shows that the membrane was operated at 14.5 L/(m2·h) ± 0.6 gross flux and 10.6 L/(m2·h) ± 0.6 net 
flux. 
Between the 505th and the 600th day of operation, flux rates slightly dropped to 13 L/(m2·h) for the 
gross flux and to 9 L/(m2·h), excluding some outliers, for the net flux. This deterioration in perfor-
mance might be caused by the increased TMPs that occurred in this period of time (see chapter 
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In addition to flux, permeability is another key parameter to be used for the assessment of membrane 
performance. In order to compare hydraulic performance over a long-term operation period, it is ne-
cessary to consider the temperature dependency as it affects membrane filtration via changing per-
meate viscosities. Temperature correction to 20 °C was calculated according to Judd (2006), similar to 
the kLa (see equation 2.12). 
Figure 6-7 pictures the trend of the permeability (normalized to 20 °C), temperature, and TMP. The 
water temperatures in the filtration tank were between 7 °C and 25 °C (16.7 °C ± 4.3 on average). 
Initially, the membrane module showed a permeability of about 320 L/(m2·bar·h), which decreased to 
about 250 L/(m2·bar·h) within the first two weeks and further to about 180 L/(m2·bar·h) on the 335th 
day. On the 345th day, the membrane module was replaced due to failure. 
The initial permeability of the new membrane module was only 210 L/(m2·bar·h), i.e. about 
100 L/(m2·bar·h) lower than the previous module. There is no conclusive explanation for this. Possibly, 
air was in the membrane pockets. Usual production fluctuations are in the range of 300-
450 L/(m2·bar·h) and thus cannot explain the value of 210 L/(m2·bar·h). The permeability of the new 
membrane module decreased right from the beginning. A sharp increase in TMP was observed from 
the 490th day on, which seems to run parallel to the drop in temperature. Moreover, excessive foaming 
problems occurred in the period between the 430th and the 557th day of operation. This unstable oper-
ation led to declined SRTs due to the biomass loss. The subsequent permeability decline (from the 
660th day) might be due to a decrease in SRT below 15 days (see Figure 6-3 and Figure 6-19). Below 
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Figure 6-7: Trend of permeability, transmembrane pressure (TMP), and water temperatures. The permeability 
  was normalized to 20 °C. 
 
The TMP increased from 47 mbar up to 100 mbar for the first membrane module and from 70 mbar 
to 290 mbar for the second module over their respective operating period. During the whole experi-
mental period of 723 days, neither mechanical nor intensive chemical cleaning of membranes was car-
ried out. In order to keep the TMP in the safe range (< 300 mbar), weekly maintenance cleaning using 
low concentrations of chemicals was performed (see chapter 6.4.5). 
 
6.2. MBR pilot plant (B) in Wiesbaden-Biebrich 
 
6.2.1. Efficiency of biological wastewater treatment of the MBR plant 
 
6.2.1.1. Composition of synthetic wastewater 
 
The MBR pilot plant (B) in Wiesbaden-Biebrich was fed with synthetic wastewater that was prepared 
weekly on-site by dissolving the following chemicals in water (see Table 6-2). The concentrated feed 
continuously flowed into the denitrification tank and was appropriately diluted with tap water. 
 
Table 6-2: Composition of synthetic wastewater of the MBR pilot plant (B) in Wiesbaden-Biebrich. 
Chemical Formula Concentration [g/L] 
Molasses C6H12O6 50 
Urea H2NCONH2 4.6 
Magnesium sulphate MgSO47H2O 4.1 
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6.2.1.2.  MLSS and CST 
 
Figure 6-8 shows the course of MLSS and CST in activated sludge of the MBR pilot plant (B). In the 
commissioning phase, the plant was inoculated with 1 m3 of activated sludge from the municipal 
WWTP in Wiesbaden-Biebrich. The first five weeks after commissioning, there was no sludge wasting 
and a strong growth of MLSS was observed. Starting at a MLSS concentration of 10 g/L, excess sludge 
was discontinuously wasted and a high SRT in the range of 25-30 days was set. During the remaining 
course of operation, SRTs stayed between 15 and 30 days (see chapter 6.2.1.3). 
After about 370 days, changes in sludge characteristics in the MBR plant were observed, in terms of 
decreasing filterability, increase in CST, and foaming possibly due to a decrease in the F/M ratio (food 
to microorganisms). Because of a malfunction that resulted in the complete loss of the activated 
sludge, on the 449th day, the MBR pilot plant was re-inoculated with fresh activated sludge (ca. 
0.74 m3) from a MBR pilot plant of Microdyn-Nadir. Subsequently, the plant was set to the previous 
operating conditions with a SRT > 25 d. From the 594th day on, problems with foaming led to instable 




Figure 6-8: Trend of MLSS and capillary suction time (CST) in activated sludge over the whole period of            
   investigation. 
 
 
6.2.1.3. Sludge loading rate 
 
Figure 6-9 shows the SLR and SRT of the MBR pilot plant (B) during the operation. The SLR is based 
on the COD influent charges, calculated from the COD concentration in the influent and the influent 
flow rate per mass of activated sludge, the latter being calculated from the MLSS concentration and 
the volume of the activated sludge tank. Initially, the SLR decreased strongly, while at the same time 
the MLSS concentration increased. Afterwards, the values stayed between 0.07 and 
0.15 kg COD/(kg MLSS·d). The fluctuations result from several losses of activated sludge and due to 
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was operated at high SRTs between 20 and 30 days, and - for only a short period of time - at SRTs in 
the range of 15 and 20 days. 
 
 
Figure 6-9: Sludge loading rate (SLR) and SRT of the MBR pilot plant (B) over the whole period of investigation. 
 
 
6.2.1.4. Elimination of organic compounds 
 
The MBR pilot plant (B) consists of three filtration tanks running in parallel. Depending on the expe-
rimental phase, a corresponding line was operated at specifically set parameters (see Table 6-3). The 
average daily volume of water was 5.6 ± 0.84 m3/d, 9.3 ± 1.8 m3/d, 8.23 ± 3.4 m3/d, depending on 
the investigation phase. The relatively high standard deviations results from large variation in the flux 
rates. The HRT of the activated sludge tank was between 7 and 11.5 hours (VBB = 2.73.0 m
3). 
 
Table 6-3: Operating conditions of the MBR pilot plant (B) over the whole investigation period.  
 
 
The raw water showed large variations in the COD concentrations (200 to 1,000 mg/L) due to faults 
in a feed dosage (see Figure 6-10). During the whole operating period advanced wastewater treatment 
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Figure 6-10: Trend of COD elimination and COD concentrations in the influent and effluent of the MBR pilot plant 
  (B). 
 
 
6.3. Research on permeability loss 
 
The efficiency of the membrane processes basically depends on the interactions between the em-
ployed membranes, the activated sludge, and the chosen operating conditions. As the membrane mod-
ule of Microdyn-Nadir was operated under steady hydrodynamic conditions (flux rate, air flow volume 
of crossflow system), sludge characteristics (colloidal matter, viscosity, MLSS concentration, CST) 
could be investigated under different operating conditions (temperature, SRT, composition of influent, 
etc). An overview of all investigated parameters at the MBR plant (A) in Darmstadt-Eberstadt is de-
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6.3.1. Influence of activated sludge characteristics on fouling 
 
6.3.1.1. Colloidal matter (proteins, polysaccharides) 
 
Sum parameters, such as COD, proteins, and polysaccharides, are used to quantify the soluble matter 
in the liquid phase of activated sludge (supernatant). By definition, a fraction of supernatant that 
passes through a membrane filter of 0.45 µm is considered as “soluble” (Henze et al., 1999). 
However, with 0.04 µm the pores size of UF membranes is tenfold lower. This means that these 
membranes can retain colloids that are considered to be soluble according to definition. The difference 
between COD0.45 µm and COD0.04 µm quantifies the colloidal fraction (CODcolloidal). In this thesis, particu-
late matter, colloids, and truly dissolved matter are defined as > 0.45 µm, 0.04-0.45 µm, and 
< 0.04 µm, respectively. 
 
 
Figure 6-12: Effects of temperature and colloidal COD concentration on fouling behavior. 
 
Figure 6-12 shows the colloidal fraction. A sharp increase in the colloidal fraction was observed be-
tween the 115th and the 250th day and again between the 510th and the 640th day of operation. The 
opposite run of temperature and colloidal fraction may suggest a correlation between these variables. 
Temperature is a well-known factor influencing the kinetic parameters of biological processes and 
plays a significant role during degradation processes and thus in wastewater treatment. Many re-
searchers have already observed the temperature impact on fouling behavior (Barker et al., 1999, 
2000; Jiang et al., 2005; Rosenberger et al., 2006; Drews et al., 2007). 
However, it should be noted that in addition to the temperature other important parameters 
changed, e.g. SRT (see Figure 6-19), and thereby mono-criteria causal connections apparently cannot 
be deduced in complex systems. Furthermore, it was observed that the combination of low SRTs and 
low temperature affected the permeability, as the permeability dropped between the 510th and the 
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Moreover, due to excessive foaming problems, ca. 3 m3 of activated sludge had to be replaced against 
fresh sludge on the 438th day of operation. Chang and Lee (1998) state that foaming of activated 
sludge appears to yield lower membrane permeabilities, attributed to its higher hydrophobicity. 
 
 
Figure 6-13: Colloidal COD concentration vs. temperature over the whole investigation period. 
 
Although, Figure 6-13 indicates that temperature directly affects the colloidal COD fraction, further 
investigations are necessary. In particular, it is important to study to what extent the colloidal fraction 
contributes to fouling. Whereas a decline in permeability parallel to an increase in the colloidal COD 
fraction was observed between the 510th and the 640th day, this phenomenon was not observed in the 
period between the 115th and the 250th day. 
Further investigations showed that at high concentrations of the colloidal COD fraction there are also 
high concentrations of biopolymers (sum of proteins and polysaccharides) in the supernatant (see Fig-
ure 6-14). On average, the concentrations of proteins and polysaccharides were 19.69 mg/L  6.07 and 
23.94 mg/L  19.92, respectively. The high protein/carbohydrate (P/C) ratios of the supernatant 
(1.13  0.49) show that proteins were the major soluble supernatant constituent during experiments. 
This correlation, which is to be investigated further, would have exceeded the framework of this thesis 
(see chapter 9). 
Al-Halbouni (2008) reports that higher amounts of EPS, which was related to low SRT or to colder 
seasons and probably a shift in microbial populations, had a negative impact on sludge properties i.e. 
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Figure 6-14: Concentration of biopolymers (sum of proteins and polysaccharides) vs. concentration of colloidal 
   COD over the whole investigation period. 
 
Jar tests were performed during periods of high CODcolloidal concentrations in the supernatant (winter 
periods) in order to examine sludge coagulation by adding chemicals and thereby binding colloids and 
other sludge components in flocs. Three different coagulants were tested and the most appropriate 
coagulant (polyaluminum chloride - PAX XL9) was chosen for the tests (see Appendix A.2). During pe-
riods of high CODcolloidal concentrations in the supernatant high sludge volume indices (SVI) were ob-
served (see Appendix A.1). 
Figure 6-15 shows that after adding polyaluminum chloride coagulant the CODcolloidal concentration of 
the supernatant was reduced by up to 80 % of the initial value. The coagulant even bound soluble mat-
ter < 0.04 µm, as COD concentrations of permeate were slightly higher. 
Some authors reported that by adding chemicals (polymers, metal salts, and other substances) biopo-
lymer concentrations (proteins, carbonates) in the supernatant were reduced (Wett, 2005; Iversen et 
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Figure 6-15: Comparison of COD concentration for supernatant samples (with and without the addition of     
 coagulant) and permeate samples (Jar test). 
 
Fractionation tests were performed for two periods; of stable operation (low fouling) and an incident 
with high concentration of organic matter and low temperatures at the same time (unsteady opera-
tion). These tests were to show the difference between the fractional compositions of organic com-
pounds being degraded under different operational conditions. The experiments were carried out in 
batches. 
As the membrane performance during unsteady conditions with high concentrations of organic mat-
ter sharply declined, the question arose whether a certain fraction of organic matter could cause severe 
fouling of the membrane. During this phase, the amount of organic fractionated matter in MBR was 
measured as COD and DOC concentration in the supernatant. Figure 6-16 shows the COD and DOC 
percentage profiles of organic substances fractionated in accordance with size. 
Whereas the fraction 0.04-0.1 µm constituted the largest percentage of COD (71 %) and DOC (81 %) 
of samples during high fouling in the MBR, this fraction made up only 21 % (COD) and 20 % (DOC) of 
samples during low fouling. However, during low fouling the fraction < 0.04 µm covered 59 % of the 
COD and 66 % of the DOC. The results show that biological degradation of organic matter was much 
higher during periods of low fouling. Only 41 % of organic compounds were retained by the mem-
brane in the reactor compared to 84 % during periods of high fouling. Moreover, this implies that most 
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Figure 6-16: COD and DOC percentage profiles of organic substances with different sizes in supernatant and 
 permeate during periods of high and low fouling potential of MBR. 
 
Many authors identified SMP resp. EPS, also referred to proteins and polysaccharides, as the most 
significant factors responsible for membrane fouling (Bouhabila et al., 2001; Cicek et al., 2003b; Rosen-
berger et al., 2006). These substances can be formed by substrate metabolisms and presumably by 
biomass decay. Their concentration depends, inter alia, on stress conditions, to which microorganisms 
are exposed (Barker et al., 1999). Furthermore, triggers are, for example, extreme variations in tem-
perature, SRT, influent composition, HRT, and MLSS concentration, etc. (Schiener et al., 1998; Barker 
et al., 1999, 2000; Lee et al., 2001; Lee et al., 2002; Rosenberger et al., 2006; Drews et al., 2007). 
The above mentioned decline in permeability between the 510th and the 640th day could be caused by 
the retention of biopolymers (proteins, polysaccharides) by the membrane (see Figure 6-17). Drews et 
al. (2007) correlate rising membrane fouling at low temperatures, partly resulting from the retention 
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Figure 6-17: Retention of biopolymers vs. permeability between the 470th and the 648th day. The permeability 
 was normalized to 20 °C. 
 
Furthermore, a correlation was observed between the retention of biopolymers (proteins and poly-
saccharides) by the membrane and the CST of activated sludge (see Figure 6-18). Capillary suction 
time is used for the evaluation of the filterability, although causally it determines the dewatering cha-
racteristics of activated sludge. It was shown that the colloidal matter in the liquid phase of activated 
sludge cause poor filterability due to the organic compounds retained in the filter pores. 
 
 
Figure 6-18: Retention of biopolymers vs. capillary suction time (CST) between the 470th and the 648th day. 
 
Another important operating parameter that affects membrane fouling is SRT. However, SRT cannot 
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such as floc size, settling characteristics, sEPS/SMP content etc., characteristics that are directly related 
to fouling rates (Al-Halbouni, 2008). 
Moreover, SRT is an important parameter in order to ensure the advanced biological treatment of 
wastewater compounds and describes the period of time during which activated sludge remains in the 
system. SRT was calculated according to equation 2.10. Most membrane bioreactors (particularly in 
Germany and Switzerland) are currently operated at a sludge age of > 25 days (sludge stabilization) 
(Wedi et al., 2008). 
Figure 6-19 shows the trend of permeability at different SRTs (between 10 and 35 d) as well as the 
colloidal matter (COD, proteins, polysaccharides) in the liquid phase of activated sludge. The investi-
gation on the impact of SRT on the fouling behavior started one month after the phase of biomass 
growth. Starting with a MLSS concentration of 14 g/L, excess sludge was wasted daily and high SRTs 
of between 25 and 30 days were set. The experiments had to be stopped after two months due to op-
erational disturbances (foaming, bulking) that lead to an enormous loss of biomass in the system. As 
SRT decreased, parallel high concentrations of colloidal matter were observed, also occurring in the 
following investigation phase at lower SRTs of between 20 and 25 days. However, no negative effect 
on the permeability was observed in the period between the 115th and the 250th day. The permeability 
decreased only slightly. 
The experiments carried out at high SRT between the 280th and the 328th day had to be interrupted, 
again due to foaming and due to the replacement of the membrane module on the 345th day of opera-
tion. After an initial drop at SRTs between 30 and 35 days, the permeability of the replaced module 
stayed relatively stable. Starting at the 450th day, there was another shutdown due to foaming and 
bulking that resulted in the loss of biomass in the system. The decrease in MLSS automatically caused 
the decline of SRT. 
Subsequently, the investigation at low SRTs of < 20 days was made possible by changing the tank 
volume. In comparison to the operation at high SRT, the significant decline in permeability was here 
observed at low SRTs of < 20 days. However, in the frame of this thesis it was not possible to find out, 
whether the sharp decline in permeability resulted from the decreasing SRT or possibly due to the oc-
currence of high concentrations of colloidal matter or whether they were interrelated. Differences in 
colloidal COD concentration of approximately 50 % and biopolymers (proteins, polysaccharides) of 
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Figure 6-19: Trend of permeability at different sludge retention time (SRT) and colloidal matter concentrations in 
  the supernatant of activated sludge within the investigation period. The permeability was           
  normalized to 20 °C. All round symbols present the permeability but at different SRTs. White symbols 
  show the permeability at no specific SRT. 
 
There are many authors who describe a negative impact on membrane fouling by low SRT, by high 
concentrations of SMP or bound EPS (Rosenberger, 2003; Grelier et al., 2006; Drews et al., 2008; Ma-
lamis et al., 2009). Carbohydrates of SMP or soluble EPS, particularly the polysaccharide fraction in 
the supernatant, are often considered as major cause of membrane fouling in MBR (see chapter 
2.4.4.3) (Judd, 2004; Grelier et al., 2006; Rosenberger et al., 2006; Pan et al., 2010). According to Lee et 
al. (2001) and Cha et al. (2004), the sludge loading rate increases with membrane fouling, resulting in 
the accumulation of soluble EPS in activated sludge. Bouhabila et al. (1998) report that there is no 
reduction in fouling until SRT reaches 30 days. A roughly similar behavior of fouling was seen at low 
SRTs. Lee et al. (2002) confirm this trend, however, the decrease in permeate flux was independent of 
SRT, but only above a certain value of SRT. 
Figure 6-20 shows the effect of SRT on the concentration of biopolymers, in terms of MLSS concen-
tration. Here, the biopolymers concentrations tend to decrease with increasing SRTs. This trend is con-
firmed by previous observations of Rosenberger (2003), however for industrial wastewater. Trussell et 
al. (2007) report that the highest levels of colloidal material, total SMP, and soluble COD were ob-
tained at the lowest mean cell retention time (MCRT) of 10 d, with the poorest filterability of mixed 
liquor at the same time. 
Colloidal matter, i.e. biopolymers, tends to decrease with increasing SRT. Hence, it can be assumed 
that a large fraction of wastewater compounds or their decomposition products, such as proteins and 
polysaccharides, was measured in the supernatant of activated sludge. For a reliable description of 
fouling phenomena, probably a combination of several factors has to be considered, i.e. not only biopo-
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Figure 6-20: Effects of sludge retention time (SRT) on the specific concentration of biopolymers (proteins, poly-
saccharides) in the supernatant of activated sludge. 
 
 
6.3.1.2. Truly soluble matter (< 0.04 µm) 
 
In order to investigate the impact of truly soluble compounds, i.e. matter passing the membrane with 
nominal pore size of approximately 0.04 µm, on fouling, line#3 (downstream stage) was operated in 
series to the first membrane (line#1/line#2) at the MBR pilot plant (B) in Wiesbaden-Biebrich (see 
Figure 6-21). First, the investigation was performed at constant water flux between the 148th and the 
218th day of operation, and then at increasing water flux between 219th and the 294th day. 
Thus, the membrane of line#3 had contact with the same water containing the same dissolved matter 
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Figure 6-21: Overview of the trend of membranes permeability during the investigation on the impact of truly 
 soluble compounds on fouling. The permeability was normalized to 20 °C. 
 
 
Operation at constant water flux 
In Figure 6-22, the trend of permeability of line#1 and line#3 (the effluent of line#1 = the influent 
of line#3) during 10 weeks of operation is depicted. 
In order to enable a direct comparison of the membranes operated in parallel, the run of the permea-
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Figure 6-22: Comparison of permeability for pilot plant (B): line#1- reference without granulate, line#3 - sequen-
tial operation to line#1 (downstream stage) without granulate. The permeability was normalized to 
20 °C. 
 
Whereas the permeability of reference line#1 shows a significant decline from the 172nd day of oper-
ation on, there is only a slight permeability decrease in line#3. Both lines where operated at the same 
flux of 15 L/(m2h). It is important to note that the runs of the two curves are - each in its own level - 
synchronical. The truly dissolved constituents (< 0.04 µm) seem to affect membrane fouling only to a 
minor degree, whereas the decline in permeability of reference line#1 was caused predominantly by 
colloids and/or particles > 0.04 µm. 
It should be mentioned again that the membrane of line#3 did not undergo any chemical cleaning, 
whereas the membrane of line#1 was cleaned with sodium hypochlorite on the 185th, the 193rd, and 
the 214th day (see Figure 6-40). It should also be noted that because the lines were operated in se-
quence, all changes in upstream lines could had a direct impact on the permeability performance of 
line#3, for example changes in the influent composition, flux or MLSS content, and of course the 
chemical cleaning procedure of reference line#1. 
 
Increasing the water flux 
In order to investigate the effect of truly soluble compounds at an enhanced water flux on the fouling 
potential of the membrane module operated in sequence, line#3 was first charged with the effluent of 
line#2 (from the 219th to the 260th day) (see Figure 6-23a) and then with the effluent of line#2 and 
line#1 (from the 261st to the 294th day) (see Figure 6-23b). It was not possible to charge line#3 only 
with the effluent of line#2, as its throughput was insufficient to operate line#3 at high flux rates. 
Figure 6-23 shows the trend of permeability and flux rates of line#3, operated in sequence, and 
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Figure 6-23: Comparison of line#2 - granulate and line#3 - next to line#2 until the 260th day and next to line#1 
with line#2 from the 261st day in terms of permeability and flux during the test period. The permea-
bility was normalized to 20 °C. 
 
The flux of line#3 was adjusted from 20 to 35 L/(m2h) between the 219th and the 260th day and 
then increased up to 40 L/(m2h) between the 261st and 294th day of operation. A decline in membrane 
permeability of the line operated in sequence (line#3) was observed between the 219th and the 248th 
day of operation after the flux had been adjusted to 35 L/(m2h). However, the permeability recovered 
again as the flux increased up to 40 L/(m2h). 
Thus, it is not clear whether the permeability decrease in the downstream line#3 between the day 
219th and 248th day of operation was caused by the increase in flux rate or the effluent composition of 
line#2. 
The impact of the individual components of mixed liquor, ranging from flocculent solids to dissolved 
molecules (e.g. polysaccharides, proteins) on membrane fouling, is discussed controversially in the 
literature. Bae and Tak (2005) state that the soluble products can be readily deposited onto the mem-
brane surfaces by permeation drag, however not readily detached by shear force due to its low back 
transport velocity. Defrance et al. (2000) report the biomass relative contribution on fouling to be 65, 
30, and 5 % for the suspended solid fraction, colloids, and dissolved matter, respectively. Others iden-
tify dissolved organics, such as polysaccharides and proteins, as well as organic colloids as the most 
significant factors responsible for membrane fouling (Bouhabila et al., 2001; Cicek et al., 2003b; Rosen-
berger et al., 2006). 
 
Size exclusion chromatography/LC-OCD 
During the whole experimental period, samples of filtered activated sludge supernatant (0.45 µm, 
Pall) of line#1 and line#2 as well as the effluent of line#1, line#2, and line#3 at the MBR pilot plant 
(B) were analyzed via gel permeation chromatography (LC-OCD). The respective chromatograms were 
evaluated in order to detect the soluble compounds of synthetic feed and/or activated sludge (mainly 
biopolymers) that could affect the permeability performance of the operated lines. The LC-OCD me-
thod enables the separation of organic dissolved compounds according to their molecular weight. The 
characteristic peaks of humic substances and organic acids appear in the 59th and the 63rd min, respec-
tively. The biopolymers are detected roughly in the 38th min. 
In Figure 6-24, typical LC-OCD chromatograms of supernatant and effluent samples, taken on the 
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Figure 6-24: LC-OCD chromatogram of collected samples (supernatant and permeate of line#2, and permeate of 
  line#3), taken on the 238th day of operation. 
 
While the humic substances peak is almost parallel in all three samples, it is obvious that the biopo-
lymer peak only appears in the supernatant sample, but not in the permeates (both DOC and UV detec-
tion). Table 6-4 quantifies these observations. 
 
Table 6-4: DOCtotal and DOC of biopolymers of 0.45 µm filtered samples (line#2) and permeate (line#2, #3) taken 




DOC of biopolymers 
[mg/L] 
DOC of biopolymers 
[%] 
Supernatant#2    5.0             1.0              20 
Permeate#2 3.05 0.05 1.6 
Permeate#3 2.79 0.04 1.4 
 
The activated sludge supernatant of line#2 is composed of up to 20 % (DOC) from biopolymers and 
up to 80 % (DOC) from humic substances and low molecular fractions (organic acids, and neutral sub-
stances). As the UV detection also showed a peak at the respective retention time, it is possible that the 
detected biopolymers (DOC) consist of proteins, at least to some extent. Moreover, it is known that 
inorganic compounds, such as polyelectrolytes, polyhydroxy compounds, oxides/hydroxides of iron 
(III) and aluminum, can also be adsorbed by UV light at a wavelength of 254 nm (Jiang, 2007). 
Thus, the main difference among the investigated samples were the biopolymers, which were de-
tected only in the supernatant of the upstream line. Dissolved compounds (biopolymers) > 0.04 µm, 
which were rejected by the upstream membranes, could cause a decline in the permeability of these 
lines. This result recurred in all other analyzed samples. 
 
6.3.1.3. MLSS  
 
Viscosity 
The activated sludge from the membrane bioreactor at the MBR pilot plant (A) in Darmstadt-
Eberstadt showed a structural viscous behavior, i.e. the sludge viscosity decreased with increasing 
shear rate. This is due to the fact that the network structure of activated sludge ﬂocs undergoes large 
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In addition to viscosity, the shear rate should be given special attention, due to the viscous behavior. 
Günder (1999) and Krause (2005) estimated the decisive shear rate to be 40 s-1 on the basis of the ris-
ing speed of air bubbles. In the following, viscosity at a shear rate of 40 s-1 is termed “apparent viscosi-
ty”. However, it should be noted that the measurement uncertainty increases significantly at low shear 
rates, hence, the occurrence of viscous behavior can also be attributed to an error in measurement. 
Figure 6-25 shows that the apparent viscosity can be correlated with the concentration of mixed liq-
uor suspended solids. That means that with increasing MLSS concentration the viscosity also tends to 
increase. The viscosity amounts to 18 mPas at a “common” MLSS concentration of 12 g/L in MBRs and 
a shear rate of 40 s-1. 
 
 
Figure 6-25: Viscosity vs. MLSS concentration at a shear rate of 40 s-1. 
 
Wastewater composition and the microbiological structure of activated sludge are also described as 
important factors for the apparent viscosity (Rosenberger, 2003). The formation of flocs or other cell 
aggregates is provided by EPS, which form a highly hydrated gel, keeping the microorganisms togeth-
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Figure 6-26 illustrates the apparent viscosity as a function of polysaccharides and proteins retained in 
the mixed liquor filtrate of activated sludge. Günder (1999) explains the relationship between EPS (po-
lysaccharides, polypeptides) and viscosity as an occurrence of interactions between biopolymer mole-
cules. These interactions lead to a higher fluid viscosity. 
 
Modeling approaches and parameter determination 
All measured data were interpreted both with the approach of Oswald de Waele (structural viscous 




Figure 6-27: Model parameters according to the approach of Herschel-Bulkley a) and Oswald de Waele b) as a 
function of MLSS concentration. 
 
The coefficients of both model approaches can be described as a function of MLSS concentration us-
ing a non-linear regression analysis (see Figure 6-27). For activated sludge investigated at the MBR 
plant (A) best results were obtained with an exponential regression for the consistency factor (K) and 
with an exponential regression for flow index (n), and yield stress (0). The results of the regression 
analysis are shown in Table 6-5. 
 
Table 6-5: Coefficients of both regression analyses. 
Model Model equation Coefficient Unit R2 
Herschel-Bulkley s = 

































Table 6-5 shows that the correlation coefficients are lower for the approach of Oswald de Waele than 
for the approach of Herschel-Bulkley. In particular, the flow index (Oswald de Waele) shows a low 
value of 0.37. 
The apparent viscosity at the shear rate of 40 s-1 was illustrated as a function of the MLSS concentra-
tion using the measured and calculated regressions (see Figure 6-28). It was found that both modeling 
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ficients were aligned, while the Oswald de Waele approach used only two coefficients, the latter 
showed a better plausibility with the measured values. 
 
 
Figure 6-28: Comparison of modeling approaches with measured data for viscosity vs. MLSS. 
 
The measuring methodology provides the advantage of good results reproducibility however, phase 
separation (decomposition) cannot be excluded during the measurement, as MBR activated sludge 
presents a three-phase system consisting of suspended solids, liquid (water), and gases (air). 
 
6.4. Research on fouling reduction  
 
6.4.1. Application of granulate material 
 
6.4.1.1. Experiments with selected granulate – test phase I 
 
In preliminary investigations on the selection of granular material at the MBR pilot plant (B) in Wies-
baden-Biebrich, line#1 (reference), line#2, and line#3 were operated in parallel at the same MLSS 
concentration of 4 g/L ± 1.9. However, line#2 and line#3 were additionally operated with granular 
material (see Table 4-6) at concentrations of 5 kg/m3 between the 1st and the 34th day of operation and 
then 4 kg/m3 from the 35th day. 
Variations in crossflow velocity were performed for choosing the most appropriate airflow rate, under 
which granular material moved into the loop. Three airflow rates (3 m3/h, 5 m3/h, and 7 m3/h) respec-
tively specific aeration demand per membrane area SADm 0.3-0.7 m
3/(m2h) were tested. Although the 
tests were performed in accordance with the values given for current membrane systems 0.2-
0.8 Nm3/(m2h) (Judd, 2006; Guglielmi et al., 2008; Verrecht et al., 2008; Grélot et al., 2009; Lorain et 
al., 2010), the most appropriate SADm for the granular material of being moved into the loop was 
0.7 m3/(m2h). It was observed that the short-term operation with the granular material at SADm 
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filtration tank as a result of the attachment of air bubbles on the surface of the granular material. The 
results also show that the granulates were not hold in a state of suspension at SADm < 0.7 m
3/(m2h). 
Thus, it was found that the optimal SADm for this experiment was 0.7 m
3/(m2h). 
During six weeks of operation, the cleaning performance of granulate was investigated at flux rates 
between 10-15 L/(m2·h) and compared with the reference line. Since declines in permeability are im-
portant to evaluate fouling behavior, data on permeability changes were gathered for each membrane 
module. In this respect, first results of the test phase are shown in Figure 6-29. 
The initial permeability values of membrane modules operated with granulate were between 
300 L/(m2·bar·h) and 500 L/(m2·bar·h). As long as granulate circulated in filtration tanks, the permea-
bility stayed at high levels. As a result of granulate settling, the permeability of the membrane operated 
with PMMA granulate declined significantly from the 33rd day. Although the permeability of the refer-
ence module (without granulate) was initially about 500 L/(m2·h·bar), the permeability decreased to 
about 55 L/(m2·h·bar) within one month of operation. Consequently, it was necessary to clean the ref-
erence module by using NaOCl and citric acid as early as the 30th day of operation. Despite chemical 
cleaning, the permeability stayed above 100 L/(m2·h·bar) for only two days. 
 
 
Figure 6-29: Trend of permeability and flux during test phase I with synthetic wastewater. The permeability was 
normalized to 20 °C. 
 
The results show that granulate had a positive effect on the permeability. Moreover, during the whole 
test period, chemical cleaning was not necessary for both membrane modules operated with granulate. 
After these successful preliminary investigations with granulate, it was decided to perform long-term 
tests, however, a lighter granular material with a density of about 1 kg/L was chosen in order to avoid 
the settling effect in the filtration tank. 
Table 6-6 shows the comparison of both lines operated with granulate (TPU and PMMA) and the ref-
erence line (without granulate) over the operating period of 43 days. During this short-term operation, 
the membrane modules operated with granulate (TPU and PMMA) reached throughputs of 15.7 m3 





Results and discussions   88 
of the TPU and PMMA lines was about 15.7 m3 and 20.21 m3, viz. approximately 15.2 % and 18.8 %, 
higher than the throughput of the reference line. 
 
Table 6-6: Comparison of the lines operated with granulate and the reference line (without granulate) during the 
 investigation. 
 





Operating period  41 d 43 d 43 d 





+20.21 m3     
(+18.8 %) 
Average flux rate (gross)  12.8 L/(m2h) 13.1 L/(m2h) 13.3 L/(m2h) 
Average flux rate (net)  9.9 L/(m2h) 10.5 L/(m2h) 10.6 L/(m2h) 





1- Maintenance cleaning 
2- Intensive cleaning 
 
 
6.4.1.2. Permanent use of granulate material during MBR operation with         
synthetic and real wastewater – test phase II 
 
During subsequent tests, two membrane modules were operated in parallel, whereby in addition to 
line#2 – operated with an oval polypropylene granulate (PPTV20) at a concentration of 4 kg/m3 (see 
Table 4-6) – reference line#1 was tested. Analog to test phase I, the cleaning performance of granulate 
was investigated over two years of operation and compared with the reference line. 
The run of the permeability and flux curves for line#2 of the plant, operated with synthetic wastewa-
ter and holding granulate - are shown in Figure 6-30 for the whole test period. The initial permeability 
was about 360 L/(m2hbar) and stayed more or less constant at a flux of 15-30 L/(m2h) within the 
first 200 days of operation. As a result of increasing the flux from 35 up to 40 L/(m2h) between the 
210th and the 260th day, the permeability declined significantly from 360 to 200 L/(m2hbar). During 
further operation, the initial permeability did not recover, even after decreasing the flux level again. It 
seems that MBR operation at high flux rates of 35-40 L/(m2h) leads to irreversible fouling inside the 
membrane pores that cannot be removed by granulate. According to Chen et al. (2006) and Jönsson 
(1995), this might be caused by permeation drag force. High flux rates as well as high filtration pres-
sures may cause stronger permeate drag forces on particulate and colloidal matter, acting perpendicu-
lar to the membrane surface and leading to increased membrane fouling. Zhu and Elimelech (1995) 
report that permeation drag forces play an important role in particle deposition on membrane surfaces 
and may finally control the rate of colloidal fouling. According to Bacchin et al. (2002), a significant 
flux increase causes an enhanced accumulation of rejected macromolecular particles on the membrane 
surface, the so-called “concentration polarization” phenomena. During the next 100 days of operation, 
at a constant flux level of 30 L/(m2h), the permeability stayed relatively constant in the range between 
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After about 370 days, it was observed that possibly due to the decrease of the F/M ratio (food to mi-
croorganisms) (see Figure 6-9) the sludge characteristics in the plant changed, in terms of decreasing 
filterability, an increase in the CST, and foaming. At the same time, a permeability decline to about 
150 L/(m2hbar) was observed, although the flux was reduced to 20 L/(m2h). Finally, after the sludge 
had been replaced against fresh sludge (ca. 0.74 m3) from a MBR pilot plant of Microdyn-Nadir on the 
449th day of operation, the plant was set to the previous operating conditions with a SRT > 25 days. 
Parallel, the flux was decreased again to 15 L/(m2h) and thus, the permeability stayed constant until 
to date (> 600 days). During the whole experimental period of currently 622 days of continuous oper-
ation, no chemical cleaning in the granulate holding line#2 has been carried out. 
 
 
Figure 6-30: Trend of permeability and flux during tests with synthetic wastewater. The permeability was norma-
lized to 20 °C. 
 
In Figure 6-31, the results of the MBR plant operated with real wastewater are depicted. After an ini-
tial permeability loss of nearly 20 %, the permeability stayed constant over 100 days of operation at a 
flux between 10 and 14 L/(m2h), although the MLSS content increased from 4 to 21 g/L. No back-
wash with permeate, no relaxation breaks nor chemical cleaning were performed within that test pe-
riod. It is concluded that permanent mechanical cleaning by granulate prevents membrane fouling and 
permeability loss, which would have been expected for the operation without granulate. Hence, it was 
shown that the findings from the MBR pilot plant (B) operation with synthetic wastewater could also 
be applied to real conditions (MBR plant C). Moreover, mechanical cleaning via adding granulate 
showed that the formation of unwanted fouling layers was reduced as a result of abrasion processes 
and by augmentation of back diffusion as granulate improves the mixing of the liquid at the mem-
brane. Thus, a new method with a high potential for effective and economic fouling control of mem-
branes was developed in long-term MBR operation experiments, in which no negative impact on the 
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Figure 6-31: Trend of permeability, flux, and MLSS concentration during tests with real wastewater. The permea-
bility was normalized to 20 °C. 
 
 
6.4.1.3. Granulate material contra conventional MBR operation 
 
Line#2 with granulate was operated in parallel to reference line#1 without granulate at the same 
flux of 14 L/(m2h) and identical MLSS of about 10 g/L for more than 100 days. Whereas the permea-
bility of line#2 stayed more or less constant over that period, line#1 showed a significant decline in 
permeability of about 60 % within the first 68 days (Figure 6-32) as a result of membrane fouling. It 
should be mentioned that line#1 needed some in-situ membrane cleaning (NaOCl, 1,000 ppm) to 
maintain the permeability at around 100 L/(m2hbar) from the 79th day on, whereas line#2 was not 
cleaned at all. 
Thus, the observed differences are only attributed to the cleaning effect of granulate. The new me-
chanical cleaning procedure passed also in terms of environmental impact and sustainability. As no 
cleaning chemicals are used, no byproducts, e.g. AOX (organic halogen compounds) by using NaOCl, 
are produced. Furthermore, abandonment of chemicals positively affects the membrane’s lifetime. The 
flux of line#2 with granulate was increased to 40 L/(m2h) little by little after 100 days of operation. 
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Figure 6-32: Trend of permeability for reference without granulate (line#1) and with granulate (line#2) under the 
  same operating conditions. The permeability was normalized to 20 °C. 
 
 
6.4.1.4. Permeability recovery of the conventionally operated membrane module 
 
To investigate whether the permeability of “blocked” membranes can be restored by mechanical 
cleaning, granulate (same material as line#2) was added to reference line#1 for a short time on the 
114th day of operation and then removed again. The results are presented in Figure 6-33. Within one 
week, the permeability increased from 100 to 500 L/(m2hbar), probably due to abrasion of the filtra-
tion cake on the membranes. 
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6.4.1.5. Granulate as flux enhancer 
 
Table 6-7 shows the comparison of line#1 and line#2 during the investigation. During 622 days of 
continuous operation, line#2 (with granulate) was run at flux rates between 10 and 40 L/(m2h), whe-
reas reference line#1 (without granulate) could only be operated in the range of 10-20 L/(m2h). The 
total membrane throughput of reference line#1 was about 1912 m3, compared to 2433 m3 in line#2. 
Hence, the enhanced membrane throughput of line#2 was about 521 m3, viz. approximately 27 %, 
higher, although the line#2 was not cleaned chemically as the reference line#1 was. Achieving higher 
flux rates with granulate, directly translates to less membrane area and thus lower capital and main-
tenance cost, as less energy and chemicals are needed. 
 
Table 6-7: Comparison of line#1 and line#2 during the investigation. 
 
Reference line Granulate line 
Operating period 622 d 622 d 
Total membrane throughput 1912 m3 2433 m3 
Difference 
 
+521 m3 (+27 %) 
Average flux rate (gross) 16.2 L/(m²h) 20.6 L/(m²h) 
Average flux rate (net) 13.3 L/(m²h) 16.7 L/(m²h) 
Peak Flux (> 2 weeks) 20 L/(m²h) 40 L/(m²h) 





1- Maintenance cleaning 
2- Intensive cleaning 
 
6.4.2. Investigation of membrane material after granulate application 
 
In the previous chapter, it was shown that granulate can enhance significantly the performance of ul-
trafiltration membranes as the flux rates are increased considerably. However, during mechanical 
cleaning by granulate, there is a potential risk that while removing the fouling layer on the membrane 
surface, the membrane material is damaged as a result of abrasive cleaning. For this reason, membrane 
samples were taken in order to assess the impact of granular material on membrane surfaces. 
Wasp et al. (1997) describe two kinds of damage, i.e. cutting wear and deformation wear that can be 
caused by granulates colliding against the membrane surface. Cutting wear is mainly due to motion of 
particles along the membrane and would increase the permeability of a membrane, whereas deforma-
tion wear is due to motion perpendicular to the membrane surface and would rather reduce the per-
meability. The membrane can be deformed or impressed by a collision with granulates, when the stress 
in the membrane exceeds the elastic limit (Noordman, 2000). 
 
6.4.2.1. SEM images 
 
The morphology of membrane surfaces was analyzed by means of a SEM. The SEM images of the 
outer surface of membranes operated with TPU and PMMA granulate (test phase I) clearly show 
scratches and folds after 43 days of operation due to granulate collisions (see Figure 6-34). The mem-
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are slightly larger and heavier (see Table 4-6) it can be concluded that the risk of membrane damage 
increases with increasing granulate size or density. However, the visual marks do not necessarily indi-
cate membrane damage. All other SEM images are in Appendix B. 
 
Figure 6-34: SEM images of the membrane surfaces at the MBR pilot plant (B) in Wiesbaden-Biebrich after 6 
weeks of operation (test phase I); a) TPU granulate and b) PMMA granulate. The samples were 
magnified 1000 times. 
 
In Figure 6-35, the respective outer surface of reference membrane (line#1) and membrane material 
after more than two years of operation with granulate (line#2) is depicted (test phase II). 
 
Figure 6-35: SEM images of the membrane surfaces at the MBR pilot plant (B) in Wiesbaden-Biebrich after 25 
months of operation (test phase II); a) reference line#1 without granular material and b) after the 
use of granulate (line#2). The samples were magnified 500 times. 
 
The SEM image of reference line#1 (see Figure 6-35a) clearly shows a fairly smooth surface without 
any folding, although with one noticeable point mark. Comparing the SEMs, it is obvious that the gra-
nular material left marks (folding and collision marks) on the membrane surface (see Figure 6-35b). 
However, these collision marks do not necessarily indicate membrane malfunction. The images only 
show the surface condition of the membrane skin and do not disclose the condition of the porous struc-
ture of the membrane. That is why integrity tests were performed in order to estimate the actual func-
tioning of the membrane material. It should be noted that there is a risk that membranes are damaged 
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6.4.2.2. Integrity tests 
 
Rejection measurements 
The main purpose of the integrity tests (flux and rejection) was to check whether the membrane 
properties had changed due to damages, thus leading to the reduced rejection of a test substance with 
given size distribution. The membrane rejection rates for a defined test substance were calculated ac-
cording to equation 2.7. For the rejection measurement, a test solution was used in order to determine 
the apparent MWCO of the membrane. The minimum rejection rate of this test solution is > 90 % for 
new membranes. 
The results of rejection measurements for membranes operated with TPU and PMMA granulate 
showed that these membranes were slightly damaged due to an abrasive effect (see Table 6-8). The 
rejection measurements for the membrane cleaned with TPU granulate showed significantly worse 
results (49.6 % ± 19.2) than for PMMA granulate (69.8 % ± 27.7). 
In contrast to the membrane modules operated with granulate, the rejection measurements for the 
reference membrane showed significantly higher values of 95.5 % ± 0.8, thus consistently with a new 
membrane (> 90 %). The results indicate that in MBR applications PMMA granulate should be used 
rather than TPU granulate. 
 
Table 6-8: Rejection measurements for membranes operated with granulate and for the reference membrane 
(without granulate) after six weeks of operation (test phase I). 
 
TPU granulate PMMA granulate Reference 
Rejection measurements [%]     49.6     69.8 95.5 
Standard deviation [%] ± 19.2 ± 27.7     ± 0.8 
Number of samples  10 10 6 
 
The membrane of the MBR pilot plant (B) in Wiesbaden-Biebrich, line#2, showed rejection rates of 
89.9 %  3.4 after 25 months of operation (test phase II). Thus, no damaging effects by granulate 
could be observed, as the rates were more or less comparable to those of new membranes (95.1 %  
1.9). Moreover, the rejection rate of the reference membrane (87.4 %  9.9) was even lower than that 
of the membrane operated with granulate. 
In contrast, the rejection rates of the membranes used in the MBR plant (C) in Wiesbaden-Biebrich 
dropped significantly to 40 %  29. It is possible that the membrane damage was caused by the high 
momentum of the granulates. Their velocity was higher than for the MBR pilot plant (B) in Wiesbaden-
Biebrich due to higher SADm of 0.8 m
3/(m2h) and due to a low initial MLSS concentration of 4 g/L. All 
the same, the effluent quality (COD and turbidity) remained superior. 
 
Water microbiology testing (total coliforms, E. coli) 
In order to control whether the membrane operated with granulate still rejects viable bacteria, integr-
ity tests of microbial removal for the two common water-related bacteria indicators, viz. Escherichia 
coli and total coliforms, were conducted. As the investigated membranes are in the range of ultrafiltra-
tion (0.04 µm), they are also able to retain bacteria. 
Cutting wear of the membrane due to granulate could increase not only the rejection rates but also 
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retention rates, the used membranes were cleaned using citric acid (2 %) and NaOCl (100 ppm). In 
addition, the testing unit was also cleaned and disinfected. Blank tests with distilled water were per-
formed shortly before measuring the actual samples. Despite the sterile experimental conditions and 
chemical cleaning, some coliforms were detected, however only in the blank test for one sample of 
new membrane. This might have been caused by insufficient disinfection of the backside of this mem-
brane sample. In other cases, there were no bacteria in the permeate of the blank test. 
Each membrane sample was charged with 300 mL of the input (supernatant), which contained 
29900 mpn/100 mL of Escherichia coli and 105400 mpn/100 mL of total coliforms. As 200 mL of clear 
permeate was filtrated under certain conditions (200 mbar, 300 rpm, 20 °C) in the testing unit, an ac-
cumulation (concentrating) of bacteria in the input up to 3 times occurred. The accumulation factor 
(N) was calculated according to equation 5.1. 
Figure 6-36 shows the mean values of Escherichia coli and total coliform bacteria in the influent and 
log removal of the bacteria for a new membrane, reference, and membrane operated with granulate. 
The results represent mean values of two determinations per test sample. The new membrane removed 
4.5 logs (100 %) and four of five logs of Escherichia coli and total coliforms, respectively. The mem-
branes operated with granulate and the reference line, which had rejection rates between 
87.4 % ± 9.9 % and 89.9 % ± 3.4 %, with the test solution, showed bacteria removal of E. coli and 
total coliforms still to be 3 logs. These results indicate that the granulate did not have any negative 
impact on the membranes and still reject almost all bacteria in the system. The presentation of the 
complete removal of bacteria as „log removal“ is not representative for ultrafiltration membranes. In 
this case, it is recommended to express the removal of bacteria in percentages. 
There were some bacteria detected in the effluent of all investigated membranes. However, this is 
probably due to microbial colonization of a section of the system piping rather than to bacterial pene-
tration of the new membranes. Moreover, it should be noted that only a small piece of membrane ma-
terial (sections/details) was taken for the rejection measurements. Furthermore, both membrane mod-
ules were blocked with sludge several times due to sludge accumulating between the membrane pock-
ets as a result of plant interruption. A dismounting was necessary to remove the blocked membrane 






Results and discussions   96 
 
Figure 6-36: Mean values of Escherichia coli and coliform bacteria in the influent and log removal of the bacteria 
for a new membrane, reference, and membrane operated with granulate. The results represent 
mean values of two determinations per test sample. “N”– accumulation factor. 
 
 
6.4.2.3. Effluent quality 
  
For a continuous monitoring of the membranes’ functioning, COD concentration and turbidity in the 
effluent of the lines holding granulate were measured during the whole test period. The COD concen-
tration in the effluent of the MBR pilot plant - operated with synthetic wastewater - was 
12.7 mg O2/L ± 9.5 (test phase I). The turbidity of the effluent of line#2 in the MBR pilot plant was 
0.09 NTU  0.08 on average, while the COD was 17 mg O2/L  12.3. The average COD removal for this 
plant was about 95 %  3.4 (test phase II). 
The effluent of the MBR pilot plant (C) in Wiesbaden-Biebrich - operated with real wastewater - 
showed turbidity values of about 0.26 NTU  0.12, while the COD was 18 mg O2/L  4.7. Here, the 
average COD removal was about 95 %  1.3. 
Over the whole test period, the results did not show any changes in the effluent quality of both plants 
holding granulate, thus indicating a constantly high removal of suspended solids and intact membrane 
conditions. 
 
6.4.3. Change in ambient conditions (aerobic/anaerobic) 
 
The investigation involved a change in milieu to be realized by changing the crossflow aeration sys-
tem from air to nitrogen only in the filtration tank (line#3) between the 297th and the 398th day of 
operation. The tests were carried out at three different settings (1 h N2, 1 h O2; 24 h N2, 24 h O2; 
48 h N2, 48 h O2). The change in milieu occurred very fast as a result of high oxygen consumption due 
to high concentrations of MLSS. The cyclic milieu change, i.e. from aerobic to anaerobic and vice versa, 





Results and discussions   97 
 
Figure 6-37: Trend of permeability for reference (line#1) and milieu change (line#3) in the MBR pilot plant (B). 
The permeability was normalized to 20 °C. 
 
The permeability of the membrane module with the change in milieu declined significantly at an ear-
ly stage of the first setting ((1 h N2, 1 h O2) and was recovered after intensive cleaning overnight with 
NaOCl (1,000 ppm) and citric acid (2 %) (see Figure 6-37). The trend of permeability of the reference 
module was similar in that operating phase. Both membrane modules were operated at a flux of 
16 L/(m2h). 
The second setting (24 h N2, 24 h O2) showed a fairly parallel course of the permeability of both lines 
until the 385th day of operation. However, the permeability of the module with milieu change de-
creased sharply starting from the 386th day, whereas the permeability of the reference line stayed more 
or less constant. The second and third setting were performed at a flux of 20 L/(m2h). 
The results show that during the tests with a change in milieu conditions (aerobic, anaerobic) the 
biofilm layer that had built up on the membrane surface or membrane fouling due to pore blockage 






Results and discussions   98 
Table 6-9: DOCtotal and DOC of biopolymers of 0.45 µm filtered samples (supernatant) and permeate taken on the 




DOC of biopolymers 
[mg/L] 
DOC of biopolymers 
[%] 
The 365th day of operation 
Supernatant - reference  5.02 1.00             19.9 
Permeate - reference  2.82 0.06 2.1 
Supernatant - milieu change  4.24 0.90             21.2 
Permeate - milieu change  3.32 0.15 4.5 
The 379th day of operation 
Supernatant - reference  6.90 1.75             25.4 
Permeate - reference  5.07 0.08 1.6 
Supernatant - milieu change  7.67 1.80             23.5 
Permeate - milieu change  5.17 0.11 2.1 
 
The activated sludge supernatant of both lines (milieu change and reference) is composed of up to 
25 % (DOC) from biopolymers and up to 75 % (DOC) from humic substances and low molecular frac-
tions (organic acids, and neutral substances). As the UV detection (see Appendix B.4) also showed a 
peak at the respective retention time, it is possible that the detected biopolymers (DOC) consist of pro-
teins, at least to some extent. 
Thus, the main difference among the investigated samples were the biopolymers, which were de-
tected in the supernatant samples of both lines (milieu change and reference) operated in parallel. 
Biopolymers > 0.04 µm, which were rejected by the membranes, might cause a decline in the permea-
bility of these lines. 
 
6.4.4. Backwash with a salt brine solution 
 
The backwash with a salt brine solution between 1 % and 3 % was investigated at the MBR plant (A) 
in Darmstadt-Eberstadt in order to provide information on the effect of cleaning clogged membrane 
pores. The test conditions, i.e. backwash duration (= contact time of the brine solution with the mem-
brane), air flow rate of the fine-bubble crossflow system, and the flux rate were kept constant during 
the experimental period. 
In Figure 6-38, the trend of permeability (temperature corrected to 20 °C) and the backwash with the 
brine solution marked at specified concentrations is illustrated. The MBR plant was operated at a flux 
of 14.4 L/(m2h)  0.6. 
Following the principle that a salt solution holds free charge carriers that shield the monomer charge 
weakening electrical interaction, the change in electrolyte concentrations was meant to remobilize 
ionogenic macromolecules that clog the membrane pores, allowing the blocked pores to be rinsed free. 
The results show that the brine solution had no positive impact on membrane performance. During 
the initial stage of the experiments, after the use of 1 % brine solution, an increase in permeability was 
observed, however the concentration of colloidal matter in the supernatant changed at the same time. 
Moreover, the use of higher concentrations of brine solution (2 % and 3 %) showed no positive results. 
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Figure 6-38: Membrane backwash with a salt brine solution at the MBR plant (A) in Darmstadt-Eberstadt. The 
permeability was normalized to 20 °C. 
 
 
6.4.5. Chemical cleaning 
 
Membrane cleaning is an integral part in the operation of ultrafiltration systems in MBRs and has a 
significant impact on process operations. In order to remove the fouling layer and keep membrane 
pores free of clogging, the following combination of methods was implemented at the MBR pilot plant 
(B) in Wiesbaden-Biebrich and at the MBR plant (A) in Darmstadt-Eberstadt. First, the cake layer was 
removed from the membrane surface using the fine-bubble crossflow system that was installed beneath 
the membrane module and that operated continuously. Secondly, the membrane modules were oper-
ated with cyclic backwash and relaxation intervals. 
In addition, maintenance cleanings were performed approximately weekly using sodium hypochlorite 
(200 ppm for the MBR plant (A); 5001,000 ppm for the MBR pilot plant (B)). The maintenance 
chemical cleaning (in-situ) was carried out directly in the permeate tanks, to which the chemicals were 
added. Membranes were rinsed with chemicals about 20 minutes from the inside outwards via back-
wash procedure. Figure 6-39 shows the trend of permeability and maintenance cleanings applied dur-
ing the operational period. The MBR plant (A) was operated at a flux of 14.4 L/(m2h)  0.6. 
The objective of chemical cleaning is to remove “irreversible” fouling that accumulates during the fil-
tration step and thus to prevent a sharp decline in membrane performance. It can be seen that preven-
tive maintenance cleaning did not cause any significant increase in permeability. Despite chemical 
cleaning, the permeability even declined. This might be due to the cake layer formation rather than a 
consequence of pore blockage. Mass transfer barriers within the fouling layer are likely to be the rate-
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Figure 6-39: Chemical cleaning of membrane at the MBR plant (A) in Darmstadt-Eberstadt. The permeability was 
   normalized to 20 °C. 
 
The cleaning strategy of the reference module (line#1) at the MBR pilot plant (B) in Wiesbaden-
Biebrich is based on regular (weekly) maintenance cleanings and occasional intensive cleanings, the 
latter on the 333rd day and the 568th day, using sodium hypochlorite (1,0001,500 ppm) and citric acid 
(2 %) over 24 hours minimum. The membrane was operated at different flux rates. 
Figure 6-40 shows that the intensive cleanings contributed to the jump in permeability to values > 
600 L/(m2hbar), however, the maintenance cleaning did not significantly improve the permeability. 
On the 114th day of operation, the effect of mechanical cleaning by granulate was tested (see chapter 
6.4.1.4). As a result, the permeability of the “blocked” reference membrane was recovered and an al-
most five-fold increase in permeability within one week was observed. Hence, intensive cleaning shows 
similar results as mechanical cleaning. On the 449th day of operation, the MBR pilot plant (B) was re-
inoculated with fresh activated sludge (ca. 0.74 m3) from a MBR plant of Microdyn-Nadir because of a 
malfunction, resulting in the total loss of activated sludge. This action led to a significant increase in 
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Figure 6-40: Chemical cleaning of the reference line#1 at the MBR pilot plant (B) in Wiesbaden-Biebrich. The per-
meability was normalized to 20 °C. 
 
 
6.4.6. Long-term relaxation 
 
Relaxation intervals are applied by shutting down the permeate flow. They are used to control the 
cake layer formation of membranes and to extend the intervals between maintenance cleanings. Dur-
ing the relaxation mode, the membranes return to their original relaxed state, as membranes are basi-
cally elastic in nature. The days being out of operation due to malfunctions or maintenance works are 
called long-term relaxation intervals. During relaxation, the aeration of the membrane at the MBR 
plant (A) in Darmstadt-Eberstadt stayed in operating mode in order to assist the renewal of biomass 
solids in the vicinity of the membrane surface. 
Figure 6-41 represents the long-term relaxation intervals of membrane. The results show that the 
permeability recovered in these days. This means that extended relaxation intervals could alleviate 
membrane fouling and thus have a positive effect on membrane performance. However, relaxation 
breaks involve high specific costs due to operation interruptions i.e. low membrane throughput, which 
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Figure 6-41: Relaxation intervals of the membrane at the MBR plant (A) in Darmstadt-Eberstadt over the whole 
investigation period a), and between the 480th and the 652nd day of operation b). The permeability 
was normalized to 20 °C. 
 
 




Clean water tests on oxygen transfer were performed with the fine-bubble and coarse-bubble 
crossflow aeration system at different air volume rates (20 m3/h, 40 m3/h, 60 m3/h, and 80 m3/h) for 
the optimization of the crossflow aeration system with regard to the energy demand. The specific aera-





The results of oxygen transfer measurements are gathered in Table 6-10 and Table 6-11. The individ-
ual measurements include: air flow rate - QL - (m
3/h or specific in m3/(m3BBh) and m
3/(m2Ah) at STP), 
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specific SOTR in g/(m3m) at STP), standard oxygen transfer efficiency – SOTE - (% or specific %/m), 
and standard aeration efficiency - SAEgross - (kg O2/kWh). 
 
Table 6-10: Oxygen transfer rates with the fine-bubble crossflow aeration system. 
 
 
Table 6-11: Oxygen transfer rates with the coarse-bubble crossflow aeration system. 
 
 
Figure 6-42 presents specific standard oxygen transfer rates in dependence of specific air flow rates. 
The oxygen transfer rate is independent of the specific air flow rate in the investigated range. The fine-
bubble crossflow aeration system could enter 20.1 g O2/(m
3m) into clean water at a specific air flow 
rate of 13.22 m3/(m3tankh) or 0.4 m
3/(m2Ah). In contrast, the coarse-bubble crossflow system only 
achieved oxygen transfer rates of 9.9 g O2/(m
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Figure 6-42: Specific standard oxygen transfer rates in dependence of specific air flow rates, related to the volume 
  of the tank or the membrane area. 
 
In Figure 6-43, the specific standard oxygen transfer efficiency (SSOTE) vs. specific air flow rates is 
illustrated. The term “standard oxygen transfer efficiency” is generally understood to describe the per-
centage of the mass of oxygen in an injected air stream dissolved into clean water at STP (standard 
temperature pressure conditions). The oxygen transfer efficiency - among many others variables - de-
pends heavily on the coverage (surface) density of the aeration system in the aeration tank concerned. 
In this case, the coverage density for the fine-bubble and coarse-bubble crossflow system is 38 % and 
41 %, respectively. The specific standard oxygen transfer efficiency for the fine-bubble crossflow sys-
tem is in the range of 6.25 to 6.73 %/m, whereas SSOTE for coarse-bubble crossflow system was 
measured as low as 3.20 to 3.44 %/m. 
According to a modified table of standards for compressed aeration systems, Wagner (2001) specifies 
SSOTEs between 6 and 8 %/m (for middle to more favorable range) in clean water for area-wide fine-
bubble aeration elements. These values were achieved with the existing fine-bubble crossflow system 
for the middle range. Hence, high rates of the oxygen transfer efficiency were measured as a result of 
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Figure 6-43: Specific standard oxygen transfer efficiency vs. specific air flow rate, related to the volume of the 
tank or the membrane area. 
 
The assessment of the efficiency of aeration systems is made via aeration efficiency SAE (kg O2/kWh). 
Figure 6-44 shows standard aeration efficiency rates vs. specific air flow rates for the fine-bubble and 
coarse-bubble crossflow system. In order to calculate the gross rate of the oxygen transfer efficiency, a 
compressor performance was normalized with practice-oriented efficiency factors (compressor:           
 = 0.6). 
According to the above-mentioned table of standards (Wagner, 2001), oxygen transfer efficiency rates 
were found to be between 3.4 and 4.5 kg O2/kWh. The SAE values (between 4.16 and 
4.47 kg O2/kWh) that were measured for the fine-bubble crossflow system, matched the modified table 
of standards. In contrast, the results for the coarse-bubble crossflow system show - as expected - lower 
SAEs that are in a range of 2.12 and 2.29 kg O2/kWh. The energy consumption of the coarse-bubble 
crossflow system for fouling control is about two times higher than the fine-bubble crossflow system 
for oxygen supply. 
Cornel et al. (2002) investigated oxygen transfer rates for coarse and fine-bubble crossflow systems 
under real conditions and they concluded that coarse-bubbles applied for membrane scouring are three 
times less efficient in oxygen transfer than fine-bubbles. The difference between the energy consump-
tion of coarse and fine-bubble crossflow systems as reported by Cornel at al. (2002) and the values 
measured in this thesis results from the difference in measured media and the variations of specific air 
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7. Economic feasibility of mechanical cleaning 
 
Membranes represent a relevant capital cost factor. That is to say, all factors that reduce the mem-
branes' lifetime and/or the membrane flux will directly affect the economic feasibility of the MBR 
process. In principle, the following savings can be achieved via the reduction of membrane fouling us-
ing mechanical cleaning by granulate. 
 
7.1. Increase of membrane throughput/flux (without chemical cleaning) 
 
The objective of mechanical cleaning by granulate is to reduce membrane fouling by abrasion, there-
by increasing the membrane throughput. Granulate continuously rub against the membrane surface 
and thereby prevent not only the deposition of fouling layers, but also remove the material that has 
already been deposited. 
It was observed that granulate causes self-cleaning of the membrane. This is important from the point 
of view of saving on chemical cleaning agents and increasing the operation time. Granulate proved to 
be very effective, as the membrane throughput increased by about 27 % compared to the reference 
membrane. 
Achieving higher flux rates/membrane throughput with granulate, directly translates to less mem-
brane area and thus lower capital and maintenance cost, as less energy for the aeration crossflow sys-
tem is needed. According to Yoon and Collins (2006), the savings in membrane application can be cal-
culated using the following equation: 
Savings (%) = (flux increase (%)/(100 + flux increase (%))) x 100       (7.1) 
 
 
Figure 7-1: Savings due to flux improvement for the MBR pilot plant (B) in Wiesbaden-Biebrich.  
 
Figure 7-1 shows that by using granulate, up to 60 % of costs can be saved due to achieving higher 
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7.2. Cost reduction for membrane cleaning 
 
Chemical cleaning to maintain membrane performance can be omitted via the use of mechanical 
cleaning by granulate. Accordingly, costs for chemicals, manpower, and the disposal of residual chemi-
cal solutions can be saved. In addition, the mechanical strength of polymer membranes is not affected 
by chemical cleaning solutions (hypochlorite), hence significantly minimizing the membrane aging. 
Arkhangelsky et al. (2007) report on the degradation of UF membranes exposed to in-place chemical 
cleaning. Washout of copolymers in membrane skin layer and the permanent change of functional 
groups at the membrane surface lead to membrane aging. Thereby, omitting membrane cleaning can 
result in extended lifetimes of UF membranes. Moreover, membrane cleaning activities directly affect 
reactor operation due to the need for process interruptions. 
 
Costs arising from the operation with granulate: 
 The cost for granulate is approximately 0.08 €/m2 (1.5 €/kg) considering 
2.6 kg granulate/m3tank for a membrane with an area of 50 m
2. Assuming a lifetime of approx-
imately 2 years for the granulate, annual costs are 0.04 €/(m2a). 
Under working conditions, the granular material selected for the experiments showed good re-
sistance to cyclic variations in temperature, load, moisture content, and the chemical environ-
ment, not being affected by the chemical properties of the liquid to be treated. The selection of 
suitable, durable and long-living granular material is essential for cost efficiency. 
 Any breakdown of the material would change the smooth surface of the granular material, thus 
increasing the risk of membrane damage. In case of membrane damage, the specific membrane 
costs are approximately 60-70 €/m2 (Pinnekamp et al., 2006). However, as mentioned above, 
UF membranes can be equally damaged as a result of chemical cleaning. As MBR plants have 
been in operation for some time and experience has been gained, membrane lifetimes appear to 
be longer than initially expected. The first continuously operated full-scale municipal MBR 
plant in Europe, at the WWTP in Porlock (UK) has been commissioned in 1998. Churchouse et 
al. (2008) report that given the remarkably low failure rates, any overhaul until year 12 or later 
is not anticipated. 
 To retain granulate inside the membrane tank it is necessary to install a screen with 1 mm pore 
size. 
 
Savings resulting from the operation with granulate: 
 Via the operation with granulate, about 27 % higher membrane throughputs are achieved com-
pared to the reference membrane. 
 Higher membrane throughputs result in less membrane area and thus lower capital and main-
tenance cost, as less energy for the aeration crossflow system, which is between 0.5-
1.2 kWh/m3 permeate according to DWA (2007), is needed. 
 Costs for chemical cleaning can be reduced, which is approximately 0.22-1.1 €/(m2a) (Wedi, 
2005). 
 Manpower costs can be reduced as no chemical cleaning is needed. According to Reicherter 
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 Sustainable operation with minimized environmental impacts is possible (no chemical by-
products such as AOX due to the use of NaOCl). 
 
It is apparent that mechanical cleaning via granulate is far more economical and sustainable in com-
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8. Final conclusions 
 
From the above-mentioned experiments the following conclusions can be summarized: 
 
 The impact of sludge characteristics and operating conditions on membrane fouling 
SRT, sludge loading, colloidal matter, viscosity, MLSS content, wastewater and sludge composition, 
as well as the operating temperature affect the permeability of membranes. Some parameters are 
closely related and cannot be varied independently of each other. 
A colloidal fraction (0.45-0.04 µm) was identified by comparing the results of the COD measurements 
in the supernatant of activated sludge COD0.45 µm and in the permeate COD0.04 µm, the colloidal fraction 
(CODcolloidal). The concentration of this colloidal fraction obviously depends on the operating tempera-
ture and SRT. CODcolloidal concentration seems to increase at lower temperatures. 
Parallel measurements of proteins and polysaccharides concentration prove a nearly linear correla-
tion with the colloidal fraction (CODcolloidal). However, while a relationship between the retention of 
biopolymers (proteins and polysaccharides) and the CST of activated sludge was found, a clear connec-
tion with the permeability of the investigated membranes does not exist. 
For a reliable description of fouling phenomena, a combination of several factors has to be consi-
dered, i.e. not only biopolymers amounts, but also physicochemical parameters in the system (temper-
ature, SRT) as well as membrane characteristics. 
The addition of polyaluminum chloride coagulant resulted in the reduction of the colloidal fraction in 
the supernatant by up to 80 % of the initial value. The coagulant even bound soluble matter               
< 0.04 µm, as COD concentrations of permeate were slightly higher. 
Fractionation tests showed that the fraction 0.04-0.1 µm constituted the largest percentage of COD 
(71 %) and DOC (81 %) of samples during high fouling in the MBR, whereas during low fouling made 
up only 21 % (COD) and 20 % (DOC). It was observed that biological degradation of organic matter 
was much higher during periods of low fouling. Only 41 % of organic compounds were retained by the 
membrane in the reactor compared to 84 % during periods of high fouling. Moreover, this implies that 
most of the biopolymers (proteins, polysaccharides) were retained in the reactor by membrane separa-
tion. 
It was found that the truly soluble matter (< 0.04 µm) seems to affect membrane fouling only to a 
minor degree. Although both lines were operated at the same flux, there was only a slight permeability 
decrease in the downstream line#3, while the permeability of reference line#1 showed a significant 
decline despite chemical cleaning. Thus, the decline of permeability of reference line#1 was caused 
predominantly by colloids and/or particles > 0.04 µm. 
 The effect of enhanced water flux on the fouling potential of the membrane module operated in se-
quence was not clear. Although a decline in the membrane permeability of the line operated in se-
quence (line#3) was observed it is not clear whether the permeability decrease was caused by the in-
crease in the flux rate or the effluent composition of line#2 (upstream stage). 
The chromatographical analysis using gel permeation chromatography (LC-OCD) showed that the 
main difference among the investigated samples were the biopolymers, which were detected only in 
the supernatant of the upstream line. Thus, biopolymers > 0.04 µm, which were rejected by the up-
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It is to be considered, however, that all changes in upstream lines could have a direct impact on the 
permeability performance of line#3 because of the operation in sequence, i.e. changes in the influent 
composition, flux or MLSS content, but also the chemical cleaning procedure of reference line#1. 
The rheological measurements showed a structural viscous behavior of the investigated activated 
sludge samples, i.e. sludge viscosity decreases with increasing shear rate. Moreover, it was found that 
with increasing MLSS concentration, the viscosity tends also to increase. The viscosity amounts to 
18 mPas at a “common” MLSS concentration of 12 g/L in MBRs and the shear rate of 40 s-1. 
Additionally, a correlation between the apparent viscosity and the retention of proteins and polysac-
charides in the mixed liquor filtrate of activated sludge was observed. 
All measured data were interpreted both with the approach of Oswald de Waele (structural viscous 
behavior without yield stress) and Herschel-Bulkley (flow curve with apparent yield stress). The coeffi-
cients of both model approaches can be described as a function of MLSS concentration using a non-
linear regression analysis. The Oswald de Waele approach showed a better plausibility with the meas-
ures values. 
Microbiological analyses of activated sludge at different SRTs showed that there are constant changes 
in the microbial community during the subsequent operation. 
The experimental periods between the 97th and the 114th day, and the 430th and 557th day were inter-
rupted due to the appearance of filamentous bacteria. Enormous foaming and bulking led to process 
instability that was reflected in the increased occurrence of attached ciliates. One of the reasons for the 
dominancy of filamentous microorganisms was the introduction of paper mill wastewater, creating an 
atypical composition of the influent wastewater with high concentrations of surfactants. 
 
 Application of mechanical cleaning with granular material 
The application of mechanical cleaning by granulate (inert, inorganic material) supported by 
crossflow system was investigated in order to remove and minimize the formation of fouling layers by 
abrasion, thereby increasing the membrane throughput. Experiments were carried out for municipal 
and synthetic wastewater. The granulate continuously prevent not only deposition of fouling layer, but 
also remove material that has already been deposited on the membrane surface, making it possible to 
operate a MBR long-term and continuously. 
The investigations proved to be extremely successful as described below. 
 
Test phase I 
In preliminary investigations on the selection of granular material at the MBR pilot plant reference 
line and two granulate lines (TPU  = 1.2 kg/L,  = 3.5 mm; PMMA  = 1.18 kg/L,  = 2.5 mm) were 
operated in parallel. The most appropriate SADm for the granular material to be moved into the loop 
was 0.7 m3/(m2h). During six weeks of operation, the cleaning performance of granulate was investi-
gated at flux rates between 10-15 L/(m2·h) and compared with the reference line. 
It was observed that as long as granulate circulated in the filtration tanks, the permeability stayed at 
a high level, whereas the permeability of the reference module sharply decreased (90 % of the initial 
value) within one month of operation. Despite chemical cleaning of the reference module, the permea-
bility decreased. As a result of granulate settling, the permeability of the membrane operated with 
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The results show that granulate demonstrated a positive effect on the permeability. Moreover, during 
the whole test period, chemical cleaning was not necessary for both membrane modules operated with 
granulate. 
One of the main problems concerned with the use of granulate in MBRs is the risk of the membrane 
damage due to continuous bombardment. SEM images of the surface of membranes operated with TPU 
and PMMA granulate clearly showed scratches and folds after 43 days of operation due to granulate 
collisions. The membrane operated with TPU granulate seems to be more damaged than that operated 
with PMMA. As TPU granulates are slightly larger and heavier it can be concluded that the risk of 
membrane damage increases with increasing granulate size or density. However, the visual marks do 
not necessarily indicate membrane damage. 
Rejection measurements of membranes operated with TPU and PMMA granulate showed that these 
membranes were slightly damaged due to abrasive effects. The rejection measurements for the mem-
brane cleaned with TPU granulate showed significantly worse results (49.6 % ± 19.2) than for PMMA 
granulate (69.8 % ± 27.7), whereas the rejection measurements of the reference membrane were simi-
lar to a new membrane (> 90 %). 
Over the whole test period, COD concentration and turbidity did not show any negative changes in 
the effluent of both plants holding granulate, thus indicating a constantly high removal of suspended 
solids and intact membrane conditions. 
 
Test phase II 
Following the success of the preliminary tests, further experiments with granulate were performed 
over a long time period of more than 600 days. Reference line#1 (without granulate) and line#2 with 
PPTV20 granulate ( = 1.05 kg/L,  = 2.5 mm) were operated in parallel with synthetic wastewater in 
long-term experiments. 
The initial permeability stayed more or less constant at a flux of 15-35 L/(m2h); however, as a result 
of increasing the flux from 35 up to 40 L/(m2h) the permeability declined significantly. During further 
operation, the initial permeability did not recover, even after decreasing the flux level again. It seems 
that MBR operation at high flux rates of 35-40 L/(m2h) leads to irreversible fouling inside the mem-
brane pores, which cannot be removed by granulate. This might be caused by permeation drag force. 
Furthermore, as a result of short-term addition of PPTV20 granulate into the reference line a 5-fold 
increase in permeability was observed within only one week. The “blocked” reference membrane was 
restored probably due to abrasion of deposits on the membrane surface. 
During the whole experimental period of 622 days of continuous operation, no chemical cleaning in 
the granulate holding line#2 was carried out, whereas the reference module was cleaned with chemi-
cal agents. 
It was shown that granulate can greatly enhance the performance of ultrafiltration membranes as the 
flux rates increased considerably (over 27 %) compared to the reference line (without granulate), that 
showed a significant decline in permeability. 
Thus, using granulate up to 60 % of the costs can be saved by achieving higher flux rates up to 135 % 
(35 L/(m2h) compared to the reference membrane (15 L/(m2h). Since the permeate flux/membrane 
throughput is an important factor from an economical point of view, being directly translated to less 
membrane area and automatically to less energy for aeration crossflow system, the application of gra-
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It was observed that granulate causes self-cleaning of the membrane, continuously removing deposits 
due to abrasive effects. This is important from the point of view of saving on chemical cleaning agents, 
manpower performing the cleaning, disposal of residual chemicals, and increasing the operating time. 
The cost for granulate is approximately 0.08 €/m2 (1.5 €/kg) considering 2.6 kg granulate/m3tank for 
a membrane with an area of 50 m2. Assuming that the lifetime of granulate is approximately 2 years, 
annual costs are reduced to 0.04 €/(m2a). Thus, it is apparent that mechanical cleaning by granulate 
is far more economical and sustainable in comparison to a conventional MBR, as no chemicals are in 
use. 
Moreover, it was demonstrated that the findings from MBR pilot plant (B) operation with synthetic 
wastewater could also be applied to real conditions (MBR plant C), as  nearly constant permeability 
values at a flux between 10 and 14 L/(m2h) were observed over 100 days of operation. The MBR plant 
was operated at MLSS between 4 and 21 g/L and without any backwash with permeate, relaxation 
breaks or chemical cleaning. Thus, it is concluded that permanent mechanical cleaning by granulate 
prevents membrane fouling and permeability loss, which would have been expected for the operation 
without granulate. 
However, during mechanical cleaning by granulate, there was a potential risk that not only the foul-
ing layer on the membrane surface was removed but also the membrane material was damaged as a 
result of abrasive cleaning. 
At the end of the experiments, the membranes were analyzed by SEM. Comparing the SEMs after 25 
months of operation, it is obvious that the granular material left marks (folding and collision marks) 
on the membrane surface, whereas the reference membrane clearly showed a fairly smooth surface 
without any folding, although with one noticeable point mark. 
As the images only show the surface condition of the membrane skin and do not disclose the condi-
tion of the porous structure of the membrane, integrity tests were performed in order to estimate the 
actual functioning of the membrane material. 
The membrane of plant operated with synthetic wastewater, line#2 showed rejection rates of 
89.9 %  3.4 after 25 months of operation. Thus, no damaging effects by granulate could be observed, 
as the rates were comparable with those of new membranes (95.1  1.9). Moreover, the rejection rate 
of the reference membrane (87.4  9.9) was even lower than that of the membrane operated with gra-
nulate. 
The turbidity of the effluent of line#2 was 0.09 NTU  0.08 on average, while the COD was 
17 mg O2/L  12.3. The average COD removal for this plant was about 95 %  3.4. 
In contrast, the rejection rates of the membranes used in the plant operated with real wastewater 
dropped significantly to 40 %  29; however, only a small piece of membrane material (sec-
tions/details) was taken for the rejection measurements. 
All the same, the effluent quality (COD and turbidity) remained superior. Turbidity was about 
0.26 NTU  0.12, while the COD was 18 mg O2/L  4.7. Here, the average COD removal was about 
95 %  1.3. 
Over the whole test period, the results did not show any negative changes in the effluent quality of 
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In order to control whether the membrane operated with granulate still rejected viable bacteria, inte-
grity tests of microbial removal for the two common water-related bacteria indicators, viz. Escherichia 
coli and total coliforms, were conducted. Cutting wear of the membrane due to granulate could in-
crease not only the rejection rates but also the number of bacteria in the sample. 
The new membrane removed five (100 %) and four of six logs of Escherichia coli and total coliforms, 
respectively. The membranes operated with granulate and the reference line, which had rejection rates 
between 87.4 ± 9.9 and 89.9 % ± 3.4 %, with the test solution, showed bacteria removal of E. coli 
and total coliforms still to be 3 logs. These results indicate that the granulates did not have any nega-
tive impact on the membranes and still reject almost all bacteria in the system. 
There were some bacteria detected in the effluent of all investigated membranes. However, this was 
probably due to microbial colonization of a section of the system piping rather than to bacterial pene-
tration of the new membranes. Moreover, only a small piece of membrane material (sections/details) 
was taken for the rejection measurements and both membrane modules were blocked several times 
with sludge due to sludge accumulation between the membrane pockets as a result of plant interrup-
tion. A dismounting was necessary to remove the blocked membrane pockets mechanically. Hence, this 
could lead to minor membrane damages. 
 
 The effect of changed milieu conditions (aerobic, anaerobic) on membrane fouling 
The investigation involved a change in milieu to be realized by changing the crossflow aeration sys-
tem from air to nitrogen. The cyclic milieu change, i.e. from aerobic to anaerobic and vice versa, 
should lead to biofilm removal or at least stopping its buildup on the membrane surface. 
The permeability of the membrane module with the change in milieu declined significantly at an ear-
ly stage of each setting and was recovered after intensive cleaning overnight with NaOCl (1,000 ppm) 
and citric acid (2 %). 
The results showed that during the tests with a change in milieu conditions (aerobic, anaerobic) the 
biofilm layer that had built up on the membrane surface or membrane fouling due to pore blockage 
probably as a result of biopolymers retention were not removed. 
 
 The impact of membrane backwash, using a salt brine solution, on membrane performance 
The backwash with a salt brine solution between 1 % and 3 % was investigated in order to provide 
information on the effect of cleaning clogged membrane pores. Following the principle that a salt solu-
tion holds free charge carriers that shield the monomer charge weakening electrical interaction, the 
change in electrolyte concentrations was meant to remobilize ionogenic macromolecules that clog the 
membrane pores, allowing the blocked pores to be rinsed free. 
The results showed that the brine solution had no positive impact on membrane performance. During 
the initial stage of experiments after the use of 1 % brine solution, an increase in permeability was 
observed, however the concentration of colloidal matter in the supernatant changed at the same time. 
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 The impact of chemical cleaning on membrane performance 
Membrane cleaning is an integral part in the operation of ultrafiltration systems in MBRs and has a 
significant impact on process operations. The objective of chemical cleaning is to remove irreversible 
fouling that accumulates during filtration and thus prevent a sharp decline in membrane performance. 
Maintenance cleanings were performed approximately weekly using sodium hypochlorite. The main-
tenance chemical cleaning was carried out directly in the permeate tanks, to which chemicals were 
added. 
It can be seen that preventive maintenance cleaning did not cause any significant increase in per-
meability. Despite chemical cleaning, the permeability even declined. This could be due to cake layer 
formation rather than a consequence of pore blockage. Mass transfer barriers within the fouling layer 
are likely to be the rate-limiting factor for chemical maintenance cleaning. 
Furthermore, it was shown that the performance of intensive cleanings using sodium hypochlorite 
(1,0001,500 ppm) and citric acids (2 %) over minimum 24 hours contributed to the jump in permea-
bility from about 40 L/(m²hbar) to values over 600 L/(m²hbar) at the MBR pilot plant (B). 
 
 The effect of long-term relaxation breaks on membrane performance 
Relaxation intervals are applied by shutting down the permeate flow. They are used to control the 
cake layer formation of membranes and to extend the intervals between maintenance cleanings. Dur-
ing the relaxation mode, the membranes return to their original relaxed state, as membranes are basi-
cally elastic in nature. During relaxation, the aeration of the membrane stayed in operating mode in 
order to assist the renewal of biomass solids in the vicinity of the membrane surface. The results 
showed that the permeability was recovered in these days. This means that extended relaxation inter-
vals could alleviate membrane fouling and thus seemed to positively affect membrane performance. 
However, relaxation breaks involve high specific costs due to operation interruptions, i.e. low mem-
brane throughput, that directly translates to larger membrane area. 
 
 Optimization of the crossflow aeration system with regard to the energy demand 
Clean water tests on oxygen transfer were performed with the fine-bubble and coarse-bubble cros-
slow aeration system at different air volume rates (20 m3/h, 40 m3/h, 60 m3/h, and 80 m3/h) for the 
optimization of the crossflow aeration system with regard to the energy demand. The specific aeration 





The oxygen transfer rate is independent of the specific air flow rate in the investigated range. The 
fine-bubble crossflow aeration system could enter 20.1 g O2/(m
3m) into clean water at a specific air 
flow rate of 13.22 m3/(m3tankh) or 0.4 m
3/(m2Ah). In contrast, the coarse-bubble crossflow system 
only achieved oxygen transfer rates of 9.9 g O2/(m
3m) at a specific air flow rate of 13.5 m3/(m3tankh) 
or 0.41 m3/(m2Ah). 
The specific standard oxygen transfer efficiency (SSOTE) for the fine-bubble crossflow system was in 
a range of 6.25 to 6.73 %/m, whereas SSOTE for coarse-bubble crossflow system was measured as low 
as 3.20 to 3.44 %/m. According to a modified table of standards for compressed aeration systems 
Wagner (2001) specified SSOTEs between 6 and 8 %/m (for middle to more favorable range) in clean 
water for area-wide fine-bubble aeration elements. These values were achieved with the existing fine-
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were measured as a result of intensive mixing of the tank and due to the fine distribution of air bub-
bles. 
The assessment of the efficiency of aeration systems is made via aeration efficiency SAE (kg O2/kWh). 
According to the above-mentioned table of standards (Wagner, 2001), oxygen transfer efficiency rates 
were found to be between 3.4 and 4.5 kg O2/kWh. The SAE values (between 4.16 and 
4.47 kg O2/kWh) that were measured for the fine-bubble crossflow system, matched the modified table 
of standards. In contrast, the results for the coarse-bubble crossflow system showed - as expected - 
lower SAEs that are in a range of 2.12 and 2.29 kg O2/kWh. Thus, the energy consumption of the 
coarse-bubble crossflow system for fouling control is about two times higher than the fine-bubble 
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9. Further research work 
 
Further studies are recommended on the following topics: 
 Impact of colloidal matter on membrane fouling 
The investigation into the impact of the operationally defined “truly soluble fraction” < 0.04 µm on 
the membrane performance showed that this fraction affected membrane fouling only to a minor de-
gree. However, it was the colloidal fraction, viz. polysaccharides and proteins, that predominantly 
caused the decline in permeability. 
In order to investigate in detail, which colloids and/or polymeric organic matter in the fraction range 
between 0.45-0.04 µm are responsible for membrane fouling, further tests in series with membranes of 
different pore size should be carried out. After fractionating activated sludge by using different mem-
branes (e.g. 0.2 µm, 0.1 µm, 0.04 µm), foulants, i.e. polysaccharides and proteins, should be analyzed. 
 
 Mechanical cleaning by granulate 
Mechanical cleaning by using granulate showed an overall positive effect on membrane permeability. 
However, further tests regarding membrane damage and resulting system failures during operation 
should be investigated in long-term studies. 
Moreover, long-term investigations with granulate at high MLSS contents (> 15 g/L) should be car-
ried out, as liquids with higher viscosity might protect membranes against collisions at high granulate 
velocities as they will then be slower. 
In addition, there are questions regarding the possible impact of granulate on the biocenosis of acti-
vated sludge. After more than 600 days of operation with granulate it could not be established whether 
the collision frequencies of microbial aggregates and the granular material can reduce size of activated 
sludge flocs, leading to permeability decrease. 
Currently, MBRs are mainly operated at high SRTs > 25 days. It is of great interest to know whether 
the application of granulate would maintain a trouble-free operation without permeability decline and 
the need of chemical cleaning, also for substantially shorter SRTs. The results of short-term investiga-
tions with SRTs < 15 days do not allow definite interpretation. It was observed that due to the change 
of SRT, sludge characteristics in the plant changed, in terms of decreasing filterability, an increase in 
the CST, and foaming. Therefore, investigations on potential sludge deflocculation as a result of inner 
repulsive force or shear force caused by granulate at low SRT are needed. 
Furthermore, research on the fouling reduction via granulate should be repeated for real wastewater, 
in order to assess the impact of granular material on membrane surfaces, as no SEM images were tak-
en for this membrane. 
 
 Impact of sludge characteristics and operating conditions on membrane fouling 
Despite the extensive investigation into the impact of SRT on membrane fouling, further research is 
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In the frame of this thesis it was not possible to determine, whether the sharp decline in permeability 
resulted from the decreasing SRT, low temperature or possibly due to the occurrence of high concen-
trations of colloidal matter. 
 
 Investigation of membrane material 
Research on the effect of chemical agents on membrane material could provide additional insights in-
to the membrane condition after long-term operation, as according to Fane (1997) chemical agents can 
also attack the membrane during cleaning processes causing swelling of the membrane. After long-
term membrane cleaning with chemicals, membrane should be tested using e.g. Fourier transform 
infrared (FTIR) spectroscopy in order to control the quality of the membrane material. This method is 
especially useful in measuring the degree of polymer degradation. 
 
 Potential for crossflow optimization 
The investigation into the optimization of crossflow aeration systems with regard to membrane per-
formance should be continued. It is suggested to operate two crossflow systems, i.e. fine and coarse-
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10. Summary 
 
In this thesis, innovative and sustainable cleaning strategies were explored in order to minimize the 
negative environmental impact that results from the use of chemical agents and to prolong the mem-
brane lifetime, thus reducing operating costs. 
The research on permeability loss in membrane bioreactors (MBRs) and fouling reduction was car-
ried out at three MBR pilot plants with synthetic and real wastewater. The following conclusions were 
drawn: 
 
10.1. Research on permeability loss 
 
 Influence of sludge characteristics and operating conditions on membrane fouling 
- It was shown that the concentration of the colloidal fraction obviously depends on the op-
erating temperature and SRT. There is some evidence that this fraction contributes to foul-
ing. 
- A nearly linear correlation was found between the colloidal fraction (CODcolloidal) and the 
concentration of biopolymers (proteins and polysaccharides). However, while a relationship 
between the retention of biopolymers and CST of activated sludge was found, a clear con-
nection with the permeability of the investigated membranes did not exist. Further research 
is needed. 
- An influence of SRT on membrane fouling could not be verified due to other interrelated 
factors, i.e. particularly the fluctuations of temperature and wastewater compositions. 
- It was observed that adding polyaluminum chloride coagulant resulted in the reduction of 
the colloidal fraction of the supernatant by up to 80 % of the initial value. The coagulant 
even bound soluble matter < 0.04 µm, as the COD concentration of the permeate was 
slightly higher. 
- Fractionation tests showed that the biological degradation of organic matter was much bet-
ter during periods of low fouling and only 41 % of organic compounds were retained by the 
membrane in the reactor compared to 84 % during periods of high fouling. Moreover, this 
implies that most of the biopolymers (proteins, polysaccharides) were retained in the reac-
tor by membrane separation. 
- The “truly dissolved constituents” from synthetic wastewater and/or activated sludge 
< 0.04 µm did not cause fouling of the membrane operated in sequence. 
- The LC-OCD analyses confirm that most of the biopolymers were rejected by the upstream 
membranes with nominal pore size of 0.04 µm and thereby probably caused a decline in the 
permeability of these lines. Thus, by definition these biopolymers are not considered as 
“truly dissolved”. 
- The reason for the permeability decline of the membrane operated in sequence at enhanced 
flux rates up to 40 L/(m2h) may either be the flux rate increase or the effluent composition 
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- The rheological measurements showed a structural viscous behavior of the investigated ac-
tivated sludge samples. 
- It was found that with increasing MLSS concentration, the viscosity also tends to increase. 
The viscosity amounts to 18 mPas at a “common” MLSS concentration of 12 g/L in MBRs 
and a shear rate of 40 s-1. 
- A correlation between the apparent viscosity and the retention of proteins and polysaccha-
rides in the supernatant of activated sludge was observed. 
- The coefficients of both model approaches (Oswald de Waele and Herschel-Bulkley) could 
be described as a function of MLSS concentration using a non-linear regression analysis. 
However, the Oswald de Waele approach showed a better plausibility with the measures 
values. 
 
10.2. Research on fouling reduction 
 
 Application of mechanical cleaning with granular material in MBR 
- It was found out that the use of granular material: 
 causes a positive effect on membrane permeability (long-term membrane operation 
without permeability decrease at high flux rates up to 35 L/(m2h)) 
 provides a high flux enhancement (> 27 %) 
 does not negatively affect the effluent quality 
 meets the membrane’s functional requirements of biomass separation 
- SEM images and integrity tests showed that in consequence of abrasive cleaning the granu-
lar material leaves brush marks on the membrane surface, but all the same the membrane 
function is not affected. 
- Membrane operation at high flux rates (> 35 L/(m2h)) causes a significant decline in per-
meability, presumably as a result of permeation drag forces that might draw the particulate 
and colloidal matter towards the membrane surface. 
- The use of granular material has an overall positive effect on membrane operation, as less 
cleaning is necessary and higher flux rates are realizable, and still the effluent quality stays 
the same. Granulate does not show any negative impact on the membrane function, which 
is to separate activated sludge and treated wastewater. 
- It was demonstrated that the findings from MBR pilot plant operation with synthetic 
wastewater could also be applied to real conditions. 
 Effect of changed milieu conditions (aerobic, anaerobic) on membrane fouling 
- The results showed that during the tests with a change in milieu conditions (aerobic, anae-
robic) the biofilm layer that had built up on the membrane surface or membrane fouling 
due to pore blockage probably as a result of biopolymers retention were not removed. In-
stead, an even stronger decline in permeability was observed. 
 Impact of membrane backwash, using a salt brine solution, on membrane performance 
- The brine solution had no positive impact on membrane performance compared with the 
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meability was observed after the use of 1 % brine solution, however the concentration of 
colloidal matter in the supernatant changed at the same time. Additionally, the use of high-
er concentrations of brine solution (2 % and 3 %) also showed no positive results. 
 Impact of chemical cleaning on membrane performance 
- Preventive maintenance cleanings, using sodium hypochlorite (200 ppm for the MBR plant 
A; 5001,000 ppm for the MBR pilot plant B) caused no significant increase in permeabili-
ty. Despite chemical cleaning, the permeability even declined. 
- It was shown that the performance of intensive cleanings, using sodium hypochlorite 
(1,0001,500 ppm) and citric acids (2 %) over minimum 24 hours contributed to the jump 
in permeability from about 40 L/(m²hbar) to values over 600 L/(m²hbar). 
 Effect of long-term relaxation breaks on membrane performance 
- Relaxation breaks proved to enhance membrane performance; however, these involve high 
specific costs due to operation interruptions, i.e. low membrane throughput. 
 Optimization of the crossflow aeration system with regard to the energy demand 
- The specific standard oxygen transfer efficiency (SSOTE) for the fine-bubble crossflow sys-
tem was in a range of 6.25 to 6.73 %/m, whereas SSOTE for coarse-bubble crossflow sys-
tem was measured as low as 3.20 and 3.44 %/m. Only the high rates of SSOTE for fine-
bubble crossflow system matched a modified table of standards for compressed aeration 
systems due to intensive mixing of the tank and the fine distribution of air bubbles 
- The oxygen transfer efficiency (SAE) rates (between 4.16 and 4.47 kg O2/kWh) that were 
measured for the fine-bubble crossflow system, complied with the modified table of stan-
dards. In contrast, the results for the coarse-bubble crossflow system showed - as expected - 
lower SAEs that are in a range of 2.12 and 2.29 kg O2/kWh. Thus, the energy consumption 
of the coarse-bubble crossflow system for fouling control is about two times higher than the 
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Appendix A: MBR pilot plant (A) in Darmstadt-Eberstadt 
 
A.1 Overview of investigated parameters over operating time 
 
 
Appendix Figure 1: Trend of anionic surfactants concentration over the investigation period. 
 
 
Appendix Figure 2: Trend of colloidal COD concentration and sludge volume index (SVI) over the investigation    
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A.2 Jar test – determination of coagulant and its optimum dose 
 
 
Appendix Figure 3: Determination of the optimum coagulant dose. COD concentration of an untreated         
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Appendix B: MBR pilot plant (B) in Wiesbaden-Biebrich 
 
B.1 SEM images - test phase I 
 
 
Appendix Figure 5: a) TPU granulate, sheet A; b) PMMA granulate, sheet A. The samples were magnified 1000 
  times. 
 
 
Appendix Figure 6: a) PMMA granulate, sheet A; b) PMMA granulate, sheet A. The samples were magnified 1000 
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B.2 SEM images - test phase II 
 
 
Appendix Figure 7: a) Granulate line; b) reference line. The samples were magnified 2000 times. 
 
 
B.3 Size exclusion chromatography/LC-OCD - truly soluble matter (< 0.04 µm) 
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Appendix Figure 9: LC-OCD chromatogram of collected samples (permeate of line#2 and line#3), taken in the 
   196th day of operation. 
 
 
Appendix Figure 10: LC-OCD chromatogram of collected samples (permeate of line#2 and line#3), taken in the 
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Appendix Figure 11: LC-OCD chromatogram of collected samples (permeate of line#2 and line#3), taken in the 
  281st day of operation. 
 
 
Appendix Table 1: DOCtotal and DOC of biopolymers of permeate samples (line#1, #2, and #3) taken on the 196
th, 




DOC of biopolymers 
[mg/L] 
DOC of biopolymers 
[%] 
The 196th day of operation 
Permeate#2  3.73             0.19  5.1 
Permeate#3  3.24             0.04  1.4 
The 267th day of operation 
Permeate#1 and #2  3.72             0.13  3.5 
Permeate#3  3.52             0.11  3.2 
The 281st day of operation 
Permeate#1 and #2  4.20             0.11  2.7 
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Appendix Figure 12: LC-OCD chromatogram of collected samples (supernatant and permeate of reference line), 




Appendix Figure 13: LC-OCD chromatogram of collected samples (supernatant and permeate of milieu change 
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Appendix Figure 14: LC-OCD chromatogram of collected samples (supernatant and permeate of reference line), 




Appendix Figure 15: LC-OCD chromatogram of collected samples (supernatant and permeate of milieu change 
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Appendix C: Overview of investigated parameters in glass basin 
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In der Schriftenreihe IWAR sind erschienen: 
 
 
WAR 1 Brunnenalterung 
Wassertechnisches Seminar am 13.10.1978, 
TH Darmstadt, 1980 
10,30 € 
WAR 2 Festschrift zum 60. Geburtstag von Prof. Dr.-Ing. Günther Rincke.  
TH Darmstadt, 1979 
vergriffen 
WAR 3 Gniosdorsch, Lothar Georg: 
Ein Beitrag über den Einfluß der in Abhängigkeit von der verfahrensmä-
ßigen Durchführung der biologischen Abwasserreinigung bedingten 
Schlammeigen-schaften auf die Schlammentwässerung und anschlie-
ßende Verbrennung.  
Dissertation, FB 13, TH Darmstadt, 1979 
vergriffen 
WAR 4 Grundwassergewinnung mittels Filterbrunnen.  
2. Wassertechnisches Seminar am 11.04.1980,  
TH Darmstadt, 1981 
vergriffen 
WAR 5 Rudolph, Karl-Ulrich:  
Die Mehrdimensionale Bilanzrechnung als Entscheidungsmodell der 
Wassergütewirtschaft.  
Dissertation, FB 13, TH Darmstadt, 1980  
vergriffen 
WAR 6 Hantke, Hartmut:  
Vergleichende Bewertung von Anlagen zur Grundwasseranreicherung.  
Dissertation, FB 13, TH Darmstadt, 1981 
vergriffen 
WAR 7 Riegler, Günther:  
Eine Verfahrensgegenüberstellung von Varianten zur Klärschlammstabi-
lisierung. 
Dissertation, FB 13, TH Darmstadt, 1981 
vergriffen 
WAR 8 Technisch-wissenschaftliche Grundlagen für Wasserrechtsverfahren in 
der öffentliche Wasserversorgung.  
3. Wassertechnisches Seminar am 05.und 06.03.1981, 
TH Darmstadt, 1982 
25,60 € 
WAR 9 Geruchsemissionen aus Abwasseranlagen.  
4. Wassertechnisches Seminar am 15.10.1981, 
TH Darmstadt, 1982  
vergriffen 
WAR 10 Stadtplanung und Siedlungswasserwirtschaft in Entwicklungsländern.- 
Aspekte der Projektdurchführung. 
Vorträge in den Jahren 1980 - 1981.  
TH Darmstadt, 1982  
vergriffen 
WAR 11 Hierse, Wilfried:  
Untersuchungen über das Verhalten phosphathaltiger Schlämme unter 
anaeroben Bedingungen.  
Dissertation, FB 13, TH Darmstadt, 1982 
vergriffen 
WAR 12 Gossel, Hans:  
Untersuchungen zum Verhalten von Belebungsanlagen bei Stoßbelas-
tungen.  
Dissertation, FB 13, TH Darmstadt, 1982  
vergriffen 
WAR 13 Hanel, Robert:  
Der Sauerstoffeintrag und seine Messung beim Belebungsverfahren un-
ter besonderer Beachtung der Viskosität und Oberflächenspannung.  
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WAR 14 Cichorowski, Georg:  
Regionale Differenzierung in der Gewässergütewirtschaft.  
Dissertation, FB 13, TH Darmstadt, 1982 
vergriffen 
WAR 15 Schreiner Horst:  
Stofftausch zwischen Sediment und Wasserkörper in gestauten Fließge-
wässern.  
Dissertation, FB 13, TH Darmstadt, 1982 
vergriffen 
WAR 16 Grundwasserbewirtschaftung - Grundwassermodelle, Grundwasseranrei-
cherung  
5. Wassertechnisches Seminar am 08.10.1982,  
TH Darmstadt, 1982  
vergriffen 
WAR 17 Rüthrich, Wulf:  
Abhängigkeit des Verhaltens der Wohnbevölkerung von Verkehrsimmis-
sionen.  
Dissertation, FB 13, TH Darmstadt, 1982  
vergriffen 
WAR 18 Hill, Stefan:  
Untersuchungen über die Wechselwirkungen zwischen Porenverstopfung 
und Filterwiderstand mittels Tracermessungen.  
Dissertation, FB 13, TH Darmstadt, 1983 
25,60 € 
WAR 19 Kaltenbrunner, Helmut:  
Wasserwirtschaftliche Auswirkungen der Kühlverfahren von Kraftwerken 
und von Abwärmeeinleitungen in Fließgewässern.  
Dissertation, FB 13, TH Darmstadt, 1983 
25,60 € 
WAR 20 Roeles, Gerd:  
Auswirkungen von Müllverbrennungsanlagen auf die Standortumgebung 
- Analyse der Wahrnehmungen von Störungen und Belästigungen.  
Dissertation, FB 13, TH Darmstadt, 1982  
vergriffen 
WAR 21 Niehoff, Hans-Hermann:  
Untersuchungen zur weitergehenden Abwasserreinigung mit vorwiegend 
biologischen Verfahrensschritten unter besonderer Berücksichtigung der 
Grundwasseranreicherung.  
Dissertation, FB 13, TH Darmstadt, 1983  
vergriffen 
WAR 22 Biologische Verfahren in der Wasseraufbereitung.  
6. Wassertechnisches Seminar am 06.04.1984,  
TH Darmstadt, 1985  
vergriffen 
WAR 23 Optimierung der Belüftung und Energieeinsparung in der Abwassertech-
nik durch Einsatz neuer Belüftungssysteme.  
7. Wassertechnisches Seminar am 16.11.1984,  
TH Darmstadt, 1985  
vergriffen 
WAR 24 Wasserverteilung und Wasserverluste.  
8. Wassertechnisches Seminar am 30.05.1985,  
TH Darmstadt, 1985  
vergriffen 
WAR 25 Professor Dr. rer. nat. Wolters zum Gedächtnis -  
1. Januar 1929 bis 26. Februar 1985.  
Beiträge von Kollegen, Schülern und Freunden.  
TH Darmstadt, 1986  
vergriffen 
WAR 26 Naturnahe Abwasserbehandlungsverfahren im Leistungsvergleich - 
Pflanzenkläranlagen und Abwasserteiche -. 
9. Wassertechnisches Seminar am 07.11.1985,  
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WAR 27 Heuser, Ernst-Erich:  
Gefährdungspotentiale und Schutzstrategien für die Grundwasservor-
kommen in der Bundesrepublik Deutschland.  
Dissertation, FB 13, TH Darmstadt, 1986  
vergriffen 
WAR 28 Rohrleitungen und Armaturen in der Wasserversorgung  
10. Wassertechnisches Seminar am 24.04,1986,  
TH Darmstadt, 1986 
vergriffen 
WAR 29 Bau, Kurt:  
Rationeller Einsatz der aerob-thermophilen Stabilisierung durch Roh-
schlamm-Vorentwässerung.  
Dissertation, FB 13, TH Darmstadt, 1986  
vergriffen 
WAR 30 Wehenpohl, Günther:  
Selbsthilfe und Partizipation bei siedlungswasserwirtschaftlichen Maß-
nahmen in Entwicklungsländern -Grenzen und Möglichkeiten in städti-
schen Gebieten unterer Einkommensschichten.  
Dissertation, FB 13, TH Darmstadt, 1987  
vergriffen 
WAR 31 Stickstoffentfernung bei der Abwasserreinigung - Nitrifikation und De-
nitrifikation -. 
11. Wassertechnisches Seminar am 13.11.1986,  
TH Darmstadt, 1987  
vergriffen 
WAR 32 Neuere Erkenntnisse beim Bau und Betrieb von Vertikalfilterbrunnen.  
12. Wassertechnisches Seminar am 14.05.1987,  
TH Darmstadt, 1987  
vergriffen 
WAR 33 Ist die landwirtschaftliche Klärschlammverwertung nutzbringende Dün-
gung oder preiswerte Abfallbeseitigung?- Standpunkte und Argumente -. 
13. Wassertechnisches Seminar am 12.11.1987,  
TH Darmstadt, 1988  
vergriffen 
WAR 34 Automatisierung in der Wasserversorgung -  auch für kleinere Unter-
nehmen  
14. Wassertechnisches Seminar am 09.06.1988,  
TH Darmstadt, 1988 
33,20 € 
WAR 35 Erkundung und Bewertung von Altlasten -Kriterien und Untersuchungs-
programme-. 
15. Wassertechnisches Seminar am 12.10.1988,  
TH Darmstadt, 1989  
vergriffen 
WAR 36 Bestimmung des Sauerstoffzufuhrvermögens von Belüftungssystemen in 
Reinwasser und unter Betriebsbedingungen.  
Workshop am 15. u. 16.03.1988,  
TH Darmstadt, 1989 
vergriffen 
WAR 37 Belüftungssysteme in der Abwassertechnik - Fortschritte und Perspekti-
ven -. 
16. Wassertechnisches Seminar am 10.11.1988,  
TH Darmstadt, 1989  
vergriffen 
WAR 38 Farinha, Joao António Muralha Ribeiro:  
Die stufenweise Versorgung mit Anlagen der Technischen Infrastruktur 
in Abhängigkeit von der Entwicklung der sozioökonomischen Verhältnis-
se der Bevölkerung - dargestellt am Beispiel der Bairros Clandestinos der 
Region Lissabon-.  
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WAR 39 Sicherstellung der Trinkwasserversorgung Maßnahmen und Strategien 
für einen wirksamen Grundwasserschutz zur langfristigen Erhaltung der 
Grundwassergewinnung.  
17. Wassertechnisches Seminar am 01.06.1989,  
TH Darmstadt, 1989 
33,20 € 
WAR 40 Regenwassernutzung in privaten und öffentlichen Gebäuden -Qualitative 
und quantitative Aspekte, technische Anlagen-. Studie für den Hessi-
schen Minister für Umwelt und Reaktorsicherheit.  
TH Darmstadt, 1981  
vergriffen 
WAR 41 Folgenutzen kontaminierter Betriebsflächen unter besonderer Berück-
sichtigung der Sanierungsgrenzen.  
18. Wassertechnisches Seminar am 11.10.1989,  
TH Darmstadt, 1989  
vergriffen 
WAR 42 Privatisierung öffentlicher Abwasseranlagen -Ein Gebot der Stunde ?  
19. Wassertechnisches Seminar am 09.11.1989,  
TH Darmstadt, 1989 
30,70 € 
WAR 43 Pöpel, H. Johannes; Joachim Glasenapp; Holger Scheer:  
Planung und Betrieb von Abwasserreinigungsanlagen zur Stickstoffeli-
mination. Gutachten für das Hess. Ministerium für Umwelt und Reaktor-
sicherheit,  
TH Darmstadt, 1990 
35,80 € 
WAR 44 Abfallentsorgung Hessen. Standpunkte - Gegensätze - Perspektiven  
Abfallwirtschaftliches Symposium am 31.10.1989,  
TH Darmstadt, 1990 
30,70 € 
WAR 45 Brettschneider, Uwe:  
Die Bedeutung von Sulfaten in der Siedlungswasserwirtschaft und ihre 
Entfernung durch Desulfurikation.  
Dissertation, FB 13, TH Darmstadt, 1990 
vergriffen 
WAR 46 Grabenlose Verlegung und Erneuerung von nicht begehbaren Leitungen 
-Verfahren, Anwendungsgrenzen, Erfahrungen und Perspektiven-. 
20. Wassertechnisches Seminar am 29.03.1990,  
TH Darmstadt, 1990 
35,80 € 
WAR 47 Härtel, Lutz:  
Modellansätze zur dynamischen Simulation des 
Belebtschlammverfahrens.  
Dissertation, FB 13, TH Darmstadt, 1990 
vergriffen 
WAR 48 Pflanzenkläranlagen - besser als ihr Ruf?  
21. Wassertechnisches Seminar am 18.09.1990,  
TH Darmstadt, 1990  
vergriffen 
WAR 49 Umweltverträglichkeitsprüfung (UVP) in der Wasserwirtschaft - admi-
nistrativer Wildwuchs oder ökologische Keule?  
Dokumentation der Beiträge zum Interdisziplinären Kolloquium am 
23.02.1990 und zum Sachverständigengespräch am 23.02.1990,  
TH Darmstadt, 1991  
vergriffen 
WAR 50 UVP in der abfallwirtschaftlichen Planung.  
22. Wassertechnisches Seminar am 18.10.1990,  
TH Darmstadt, 1991  
vergriffen 
WAR 51 Biologische und chemische Phosphatelimination - Technische Möglich-
keiten und Grenzen -. 
23. Wassertechnisches Seminar am 15.11.1990,  
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WAR 52 Pöpel, H. Johannes; Tankred Börner:  
Wurzelraum-Modellanlage Hofgeismar-Beberbeck -Pilotprojekt des Lan-
des Hessen. Gutachten für das Hess. Ministerium für Umwelt und Reak-
torsicherheit.  
TH Darmstadt, 1991 
vergriffen 
WAR 53 Wagner, Martin:  
Einfluß oberflächenaktiver Substanzen auf Stoffaustauschmechanismen 
und Sauerstoffeintrag.  
Dissertation, FB 13, TH Darmstadt, 1991 
35,80 € 
WAR 54 Belüftungssysteme in der Abwassertechnik 1991  
- Fortschritte und Perspektiven -. 
1. gemeinsames Abwassertechnisches Seminar mit der Hochschule für 
Architektur und Bauwesen Weimar am 11. und 12.04. 1991 in Weimar,  
TH Darmstadt, 1991 
30,70 € 
WAR 55 Neuere gesetzliche Anforderungen und moderne technische Lösungen 
zur Sicherung der Wasserversorgung - Erkennen, Vermeiden und Besei-
tigen von Schadstoffen - 
24. Wassertechnisches Seminar am 16.05.1991  
TH Darmstadt, 1991 
vergriffen 
WAR 56 Zhang, Jiansan:  
Energiebilanzierung anaerob-mesophiler Stabilisierungsanlagen mit vor-
geschalteter aerob-thermophiler Stufe  
Dissertation, FB 13, TH Darmstadt, 1991 
vergriffen 
WAR 57 Glasenapp, Joachim:  
Leistungsfähigkeit und Wirtschaftlichkeit von Verfahrensvarianten zur 
Sickstoffelimination beim Belebtschlammverfahren. 
Dissertation, FB 13, TH Darmstadt, 1992  
vergriffen 
WAR 58 Börner, Tankred:  
Einflußfaktoren für die Leistungsfähigkeit von Pflanzenkläranlagen. 
Dissertation, FB 13, TH Darmstadt, 1992  
vergriffen 
WAR 59 Erzmann, Michael:  
Untersuchungen zur biologischen Elimination von chlorierten Lösemit-
teln aus Abwasser.  
Dissertation, FB 13, TH Darmstadt, 1992 
35,80 € 
WAR 60 Erfassung und Sanierung schadhafter Abwasserkanäle.  
26. Wassertechnisches Seminar am 28.11.1991  
TH Darmstadt, 1992 
35,80 € 
WAR 61 Realisierung von Entsorgungsanlagen Umsetzungsprobleme und Lö-
sungsansätze aus planerischer, verwaltungsrechtlicher und politischer 
Sicht.  
25. Wassertechnisches Seminar am 07.11.1991,  
TH Darmstadt, 1992  
vergriffen 
WAR 62 Koziol, Matthias:  
Umwelteffekte durch Förderung von Energieeinsparmaßnahmen in in-
nerstädtischen Althausgebieten.  
Dissertation, FB 13, TH Darmstadt, 1992 
25,60 € 
WAR 63 Lautner, Gerd:  
Einführung in das Bauordnungsrecht.  
7. erw. Auflage  
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WAR 64 Abwasserkanäle - Bemessung, Ausführung, Sanierung -  
2. gemeinsames Seminar -Abwassertechnik- mit der Hochschule für Ar-
chitektur und Bauwesen Weimar am 18. und 19.03.1992 in Weimar,  
TH Darmstadt, 1992 
vergriffen 
WAR 65 Optimierung der Grundwassergewinnung über Filterbrunnen Neue Bau- 
und Betriebserkenntnisse -  
27. Wassertechnisches Seminar am 21.05.1992,  
TH Darmstadt, 1992 
vergriffen 
WAR 66 Kläschlammbehandlung und Klärschlammentsorgung -Stand und Ent-
wicklungstendenzen-  
31. Darmstädter Seminar -Abwassertechnik- am 12.11.1992,  
TH Darmstadt, 1992 
35,80 € 
WAR 67 Kreislaufwirtschaft Bau - Stand und Perspektiven beim Recycling von 
Baurestmassen-  
32. Darmstädter Seminar -Abfalltechnik- am 09.03.1993,  
TH Darmstadt, 1993 
30,70 € 
WAR 68 Bewertung von Geruchsemissionen und -immissionen  
29. Darmstädter Seminar -Immissionsschutz- am 08.10.1992,  
TH Darmstadt, 1993 
25,60 € 
WAR 69 Möglichkeiten und Grenzen der Klärschlammentsorgung  
3. gemeinsames Seminar -Abwassertechnik- mit der Hochschule für Ar-
chitektur und Bauwesen Weimar am 31.03. und 01.04.1993,  
TH Darmstadt, 1993 
46,-- € 
WAR 70 Sichere Wasserversorgung durch moderne Rohrleitungstechnik  
33. Darmstädter Seminar -Wasserversorgungstechnik- am 11.03.1993,  
TH Darmstadt, 1993 
30,70 € 
WAR 71 Aktuelle Aufgaben der Abwasserreinigung und Schlammbehandlung  
35. Darmstädter Seminar -Abwassertechnik- am 05. + 06.05.1993,  
TH Darmstadt, 1993 
46,-- € 
WAR 72 Raumordnungsverfahren mit Umweltverträglichkeitsprüfung und Um-
weltleitbilder für die Landes- und Regionalplanung  
28. und 30. Darmstädter Seminar -Raumplanung- am 17.09. + 
05.11.1992,  
TH Darmstadt, 1993 
40,90 € 
WAR 73 Grohmann, Walter:  
Vergleichende Untersuchungen von Belüftungs- und Durchmischungs-
systemen zur bioverfahrenstechnischen Optimierung der aerob-
thermophilen Stabilisation (ATS).  
Dissertation, FB 13, TH Darmstadt, 1993 
35,80 € 
WAR 74 Dioxinimmissionen und Quellen  
34. Darmstädter Seminar -Immissionsschutz- am 15.04.1993,  
TH Darmstadt, 1994 
30,70 € 
WAR 75 Betrieb von Abwasserbehandlungsanlagen Optimierung, Prozeßstabili-
tät, Kosteneinsparung  
36. Darmstädter Seminar -Abwassertechnik- am 04.11.1993 in Dar-
mstadt und 
5. gemeinsames Seminar -Abwassertechnik- mit der Fakultät 
Bauingenieurwe-sen der Hochschule für Architektur und Bauwesen 
Weimar am 23. und 24.03.1994 in Weimar,  






Appendix    150 
WAR 76 Umweltgerechte Ausweisung und Erschließung von Gewerbegebieten  
4. gemeinsames Seminar -Umwelt- und Raumplanung- mit der Fakultät 
Architektur, Stadt- und Regionalplanung der Hochschule für Architektur 
und Bauwesen Weimar am 08. und 09.09.1993 in Weimar,  
TH Darmstadt, 1994 
vergriffen 
WAR 77 Von der Umweltverträglichkeitsprüfung zum kooperativen Planungsma-
nagement. -Das Scoping-Verfahren als erste Stufe!?-  
37. Darmstädter Seminar -Umwelt- und Raumplanung- am 11.11.1993,  
TH Darmstadt, 1994 
vergriffen 
WAR 78 Modellbildung und intelligente Steuerungssysteme in der Umwelttech-
nik.  
38. Darmstädter Seminar -Abfalltechnik- am 24.02.1994,  
TH Darmstadt, 1994 
vergriffen 
WAR 79 Brauchwassernutzung in Haushalten und Gewerbebetrieben - Ein Gebot 
der Stunde?  
39. Darmstädter Seminar -Wasserversorgungstechnik- am 17.03.1994,  
TH Darmstadt, 1994 
25,60 € 
WAR 80 Restabfallbehandlung in Hessen  
41. Darmstädter Seminar -Abfalltechnik- mit dem Hessischen Ministeri-
um für Umwelt, Energie und Bundesangelegenheiten -HMUEB- am 
16.06.1994,  
TH Darmstadt, 1994  
vergriffen 
WAR 81 Umweltbeeinflussung durch biologische Abfallbehandlungsverfahren  
42. Darmstädter Seminar -Abfalltechnik- mit dem Institut für Hygiene 
der  
FU Berlin und dem Institut für Meteorologie der TH Darmstadt am 08. 
und 09.09.1994 in Berlin,  
TH Darmstadt, 1994 
46,-- € 
WAR 82 Zeitgemäße Planung von Anlagen der Ortsentwässerung  
-Kanäle, Bauwerke, Sonderbauwerke- 
6. gemeinsames Seminar -Abwassertechnik- mit der Fakultät Bauingeni-
eur-wesen der Hochschule für Architektur und Bauwesen Weimar am 
15. und 16.03.1995 in Weimar, 
TH Darmstadt, 1995 
vergriffen 
WAR 83 Grundwasseranreicherung -Stand der Technik und neuere Entwicklun-
gen- 
44. Darmstädter Seminar -Wasserversorgungstechnik- mit dem Verein 
des Gas- und Wasserfaches e.V. -DVGW- am 26.04.1994, 
TH Darmstadt, 1995 
30,70 € 
WAR 84 Auswirkungen der Phosphorelimination auf die Schlammbehandlung  
Theoretische Erkenntnisse und praktische Erfahrungen 
Workshop vom 24. bis 25. November 1994, 
TH Darmstadt, 1995 
30,70 € 
WAR 85  Stickstoffelimination mit oder ohne externe Substrate ?  
- Erfahrungen und Überlegungen - 
43. Darmstädter Seminar -Abwassertechnik- in Abstimmung mit der Ab-
wassertechnischen Vereinigung e.V. (ATV) am 09.11.1994, 
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WAR 85  Stickstoffelimination mit oder ohne externe Substrate ?  
- Erfahrungen und Überlegungen - 
2. Auflage 
Wiederholung des 43. Darmstädter Seminars -Abwassertechnik- in Ab-
stimmung mit der Abwassertechnischen Vereinigung e.V. (ATV) am 
01.02.1996 in Düsseldorf 
TH Darmstadt, 1996 
35,80 € 
WAR 86 Möglichkeiten und Grenzen der Einsparung von Investitions- und Be-
triebskosten bei der Abwasserbehandlung 
47. Darmstädter Seminar -Abwassertechnik- am 15.11.1995, 
TH Darmstadt, 1995 
40,90 € 
WAR 87 Jardin, Norbert: 
Untersuchungen zum Einfluß der erhöhten biologischen Phosphorelimi-
nation auf die Phosphordynamik bei der Schlammbehandlung. 
Dissertation, FB 13, TH Darmstadt, 1996 
35,80 € 
WAR 88 Thermische Restabfallbehandlung für kleine Planungsräume. 
45. Darmstädter Seminar -Abfalltechnik- am 22.06.1995 in Hanau, 
TH Darmstadt, 1996 
35,80 € 
WAR 89 Ferber, Uwe: 
Aufbereitung und Revitalisierung industrieller Brachflächen in den tradi-
tionellen Industrieregionen Europas. Sonderprogramme im Vergleich. 
Dissertation, FB 13, TH Darmstadt 1996 
25,60 € 
WAR 90 Mechanisch-biologische Restabfallbehandlung unter Einbindung thermi-
scher Verfahren für Teilfraktionen. 
48. Darmstädter Seminar -Abfalltechnik- am 29.02.1996, 
TH Darmstadt, 1996 
40,90 € 
WAR 91 Neuere Erkenntnisse bei Planung, Bau, Ausrüstung und Betrieb von Ab-
wasserbehandlungsanlagen. 
7. gemeinsames Seminar -Abwassertechnik- mit der Fakultät Bauingeni-
eur-wesen der Bauhaus-Universität Weimar am 11. und 12.09.1996 in 
Weimar, 
TH Darmstadt, 1996 
40,90 € 
WAR 92 Hygiene in der Abfallwirtschaft. 
50. Darmstädter Seminar -Abfalltechnik- am 17.10.1996, 
TH Darmstadt, 1996 
30,70 € 
WAR 93 Europäische Richtlinien und Normen zur Abwassertechnik  
-Konsequenzen und Folgerungen für die Praxis in Deutschland-. 
51. Darmstädter Seminar -Abwassertechnik- am 14.11.1996, 
TH Darmstadt, 1996 
25,60 € 
WAR 94 Dickhaut, Wolfgang: 
Möglichkeiten und Grenzen der Erarbeitung von Umweltqualitätsziel-
konzepten in kooperativen Planungsprozessen. -Durchführung und Eva-
luierung von Projekten-. 
Dissertation, FB 13, TH Darmstadt 1996 
30,70 € 
WAR 95 Lautner, Gerd: 
Einführung in das Baurecht. 
8. erweiterte und aktualisierte Auflage, 
TH Darmstadt, 1997 
15,40 € 
WAR 96 Reichert, Joachim: 
Bilanzierung des Sauerstoffeintrags und des Sauerstoffverbrauchs mit 
Hilfe der Abluftmethode. 
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WAR 97 Kuchta, Kerstin: 
Produktion von Qalitätsgütern in der Abfallbehandlung.  
Dargestellt am Beispiel der Produktion in der thermischen Abfallbehand-
lung. 
Dissertation, FB 13, TH Darmstadt 1997 
30,70 € 
WAR 98 Görg, Horst: 
Entwicklung eines Prognosemodells für Bauabfälle als Baustein von 
Stoffstrom-betrachtungen zur Kreislaufwirtschaft im Bauwesen. 
Dissertation, FB 13, TH Darmstadt, 1997 
46,-- € 
WAR 99 Tiebel-Pahlke, Christoph: 
Abfallentsorgungsplanung – Beeinflussung der Umweltauswirkungen 
von Deponien. 
Dissertation, FB 13, TH Darmstadt, 1997 
30,70 € 
WAR 100 Wagner, Martin: 
Sauerstoffeintrag und Sauerstoffertrag von Belüftungssystemen und de-
ren Bestimmung mit modernen Meßmethoden. 
Habilitation, FB 13, TH Darmstadt, 1997 
vergriffen 
WAR 101 Neue Trends bei der Behandlung und Entsorgung kommunaler und in-
dustrieller Klärschlämme. 
8. gemeinsames Seminar -Abwassertechnik- mit der Fakultät Bauingeni-
eur-wesen der Bauhaus-Universität Weimar am 10. und 11.09.1997 in 
Weimar, 
TH Darmstadt, 1997 
35,80 € 
WAR 102 Senkung der Betriebskosten von Abwasserbehandlungsanlagen. 
52. Darmstädter Seminar -Abwassertechnik- am 06.11.1997 in Dar-
mstadt, 
TU Darmstadt, 1997 
35,80 € 
WAR 103 Sanierung und Rückbau von Bohrungen, Brunnen und Grundwasser-
messstellen. 
53. Darmstädter Seminar -Wasserversorgung- am 13.11.1997 in Dar-
mstadt mit dem Deutschen Verein des Gas- und Wasserfaches e.V. –
DVGW-, 
TU Darmstadt, 1997 
30,70 € 
WAR 104 Wünschmann, Gabriele: 
Untersuchungen zur Kompostierbarkeit von Reststoffen der Papierin-
dustrie und Altpapier unter besonderer Berücksichtigung von Schad-
stoffbilanzierungen. 
Dissertation, FB 13, TU Darmstadt, 1997 
25,60 € 
WAR 105 Mechanisch-biologische Restabfallbehandlung unter Einbindung thermi-
scher Verfahren für Teilfraktionen. 
54. Darmstädter Seminar -Abfalltechnik- am 06.02.1998 in Darmstadt 
mit dem Hessischen Ministerium für Umwelt, Energie, Jugend, Familie 
und Gesundheit und der Südhessischen Arbeitsgemeinschaft Abfall-
wirtschaft (SAGA)-. 
TU Darmstadt, 1998 
40,90 € 
WAR 106 Zentrale oder dezentrale Enthärtung von Trinkwasser – Konkurrenz oder 
sinnvolle Ergänzung ? 
55. Darmstädter Seminar -Wasserversorgung- am 14.05.1998 in Dar-
mstadt mit dem Deutschen Verein des Gas- und Wasserfaches e.V. -
DVGW- 
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WAR 107 Dach, Joachim: 
Zur Deponiegas- und Temperaturentwicklung in Deponien mit Sied-
lungsabfällen nach mechanisch-biologischer Abfallbehandlung. 
Dissertation, FB 13, TU Darmstadt, 1998 
35,80 € 
WAR 108 Einsparung von Kosten für Betriebsmittel, Energie und Personal auf Ab-
wasserbehandlungsanlagen. 
9. gemeinsames Seminar -Abwassertechnik- am 16. und 17.09.1998 in 
Weimar mit der Fakultät Bauingenieurwesen der Bauhaus-Universität 
Weimar, 
TU Darmstadt, 1998 
40,90 € 
WAR 109 Fortschritte in der Abwassertechnik – 15 Jahre Forschungs- und Entwick-
lungstätigkeit von Prof. Dr.-Ing. H. Johannes Pöpel. 
56. Darmstädter Seminar -Abwassertechnik- am 05.11.1998 in Dar-
mstadt 
TU Darmstadt, 1998 
40,90 € 
WAR 110 Qualitativer und Quantitativer Grundwasserschutz –Stand und Perspek-
tiven-. 
57. Darmstädter Seminar -Wasserversorgung- am 10.06.1999 in Dar-
mstadt mit dem Deutschen Verein des Gas- und Wasserfaches e.V. -
DVGW- 
TU Darmstadt, 1999 
35,80 € 
WAR 111 Schwing, Elke: 
Bewertung der Emissionen der Kombination mechanisch-biologischer 
und thermischer Abfallbehandlungsverfahren in Südhessen. 
Dissertation, FB 13, TU Darmstadt, 1999 
30,70 € 
WAR 112 Schade, Bernd: 
Kostenplanung zur Analyse der Wirtschaftlichkeit von biologischen Rest-
abfallbehandlungsanlagen. 
Dissertation, FB 13, TU Darmstadt, 1999 
30,70 € 
WAR 113 Lohf, Astrid: 
Modellierung der chemisch-physikalischen Vorgänge im Müllbett von 
Rostfeuerungsanlagen. 
Dissertation, FB 13, TU Darmstadt, 1999 
25,60 € 
WAR 114 Stackelberg, Daniel von: 
Biologische Festbettdenitrifikation von Grundwasser mit abbaubarem 
Trägermaterial. 
Dissertation, FB 13, TU Darmstadt, 1999 
30,70 € 
WAR 115 Folgerungen aus 10 Jahren Abwasserbeseitigung in den neuen Bundes-
ländern  
-Erfahrungen und Perspektiven- 
10. gemeinsames Seminar –Abwassertechnik- am 01. und 02.09.1999 in 
Weimar mit der Fakultät Bauingenieurwesen der Bauhaus-Universität 
Weimar, 
TU Darmstadt, 1999 
40,90 € 
WAR 116 Abwasserwiederverwendung in wasserarmen Regionen 
- Einsatzgebiete, Anforderungen, Lösungsmöglichkeiten -. 
58. Darmstädter Seminar –Abwassertechnik- am 11.11.1999 in Dar-
mstadt, 
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WAR 117 Reinhardt, Tim: 
Untersuchungen zur Dynamik biologischer Prozesse in drei-Phasen-
Systemen am Beispiel der Restabfallrotte unter besonderer Berücksichti-
gung anaerober Teilprozesse. 
Dissertation, FB 13, TU Darmstadt, 1999 
30,70 € 
WAR 118 Umweltfachpläne und Umweltgesetzbuch  
-Ein Beitrag zur Fortentwicklung des Umweltfachplanungssystems-  
und 
„Von der Landschaftsplanung zur Umweltleitplanung?“ 
46. Darmstädter Seminar -Umwelt- und Raumplanung- am 28.09.1995 
in Darmstadt, 
TU Darmstadt, 1999 
30,70 € 
WAR 119 Herr, Christian: 
Innovative Analyse und primärseitige Prozeßführungsoptimierung ther-
mischer Abfallbehandlungsprozesse – am Beispiel der Mülleingangsklas-
sifizierung bei der Rostfeuerung. 
Dissertation, FB 13, TU Darmstadt, 2000 
33,20 € 
WAR 120 Neumüller, Jürgen: 
Wirksamkeit von Grundwasserabgaben für den Grundwasserschutz – am 
Beispiel des Bundeslandes Hessen. 
Dissertation, FB 13, TU Darmstadt, 2000 
35,80 € 
WAR 121 Hunklinger, Ralph:  
Abfalltechnische Kennzahlen zur umweltgerechten Produktentwicklung. 
Dissertation, FB 13, TU Darmstadt, 2000 
30,70 € 
WAR 122 Wie zukunftsfähig sind kleinere Wasserversorgungsunternehmen? 
60. Darmstädter Seminar -Wasserversorgung- am 29. Juni 2000 in Dar-
mstadt. 
TU Darmstadt, 2000 
35,80 € 
WAR 123 Massnahmen zur Betriebsoptimierung von Pumpwerken, Kanalisations-
systemen und Abwasserbhandlungsanlagen. 
11. gemeinsames Seminar -Abwassertechnik- in Weimar am 20. und 21. 
September 2000 mit der Fakultät Bauingenieurwesen der Bauhaus-
Universität Weimar. 
TU Darmstadt, FB 13, 2000 
40,90 € 
WAR 124 Mohr, Karin: 
Entwicklung einer on-line Emissionsmeßtechnik zur quasi-
kontinuierlichen Bestimmung von Organohalogen-Verbindungen in Ab-
gasen thermischer Prozesse. 
Dissertation, FB 13, TU Darmstadt, 2000 
30,70 € 
WAR 125 El-Labani, Mamoun: 
Optimierte Nutzung bestehender Abfallverbrennungsanlagen durch Er-
richtung vorgeschalteter Reaktoren zur Behandlung heizwertreicher Ab-
fälle. 
Dissertation, FB 13, TU Darmstadt, 2000 
25,60 € 
WAR 126 Durth, Anke: 
Einfluß von Temperatur, Anlagenkonfiguration und Auslastung auf die 
Ablaufkonzentration bei der biologischen Abwasserreinigung. 
Dissertation, FB 13, TU Darmstadt, 2000 
25,60 € 
WAR 127 Meyer, Ulrich: 
Untersuchungen zum Einsatz von Fuzzy-Control zur Optimierung der 
Stickstoffelimination in Abwasserbehandlungsanlagen mit vorgeschalte-
ter Denitrifikation. 
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WAR 128 Kommunale Klärschlammbehandlung vor dem Hintergrund der neuen 
europäischen Klärschlammrichtlinie. 
61. Darmstädter Seminar -Abwassertechnik- am 09.11.2000 in Dar-
mstadt, 
TU Darmstadt, FB 13, 2000 
35,80 € 
WAR 129 Mengel, Andreas: 
Stringenz und Nachvollziehbarkeit in der fachbezogenen Umweltpla-
nung. 
Dissertation, FB 13, TU Darmstadt, 2001 
46,-- € 
WAR 130 Kosteneinsparungen durch neuartige Automatisierungstechniken in der 
Wasserversorgung. 
62. Darmstädter Seminar -Wasserversorgung- am 07.06.2001 in Dar-
mstadt, 
TU Darmstadt, FB 13, 2001 
30,70 € 
WAR 131 Aktive Zukunftsgestaltung durch Umwelt- und Raumplanung. 
Festschrift zum 60. Geburtstag von Prof. Dr.-Ing. Hans Reiner Böhm. 
TU Darmstadt, FB 13, 2001 
25,60 € 
WAR 132 Aktuelle Ansätze bei der Klärschlammbehandlung und -entsorgung. 
12. gemeinsames Seminar -Abwassertechnik- in Weimar am 05. und 06. 
September 2001 mit der Fakultät Bauingenieurwesen der Bauhaus-
Universität Weimar. 
TU Darmstadt, FB 13, 2001 
40,90 € 
WAR 133 Zum Bodenwasser- und Stoffhaushalt auf unterschiedlich bewirtschafte-
ten Flächen unter Einbeziehung ökonomischer Aspekte 
Interdisziplinäre Projektstudie der Technischen Universität Darmstadt 
(TUD) mit Partner. 
TU Darmstadt, FB 13, 2001 
30,70 € 
WAR 134 Neues zur Belüftungstechnik  
- Probleme, Lösungsmöglichkeiten, Entwicklungen - 
64. Darmstädter Seminar -Abwassertechnik- am 15.11.2001 in Dar-
mstadt, 
TU Darmstadt, FB 13, 2001 
35,-- € 
WAR 135 Auswirkungen der Verordnung über die umweltverträgliche Ablagerung 
von Siedlungsabfällen und über biologische Abfallbehandlungsanlagen. 
63. Darmstädter Seminar -Abfalltechnik- am 12. und 13.11.2001 in 
Darmstadt, 
TU Darmstadt, FB 13, 2001 
35,-- € 
WAR 136 Bockreis, Anke: 
Infrarot-Thermographie zur Überwachung von Flächenbiofiltern. 
Dissertation, FB 13, TU Darmstadt, 2001 
35,-- € 
WAR 137 Luft, Cornelia: 
Luftgetragene mikrobielle Emissionen und Immissionen an aeroben me-
chanisch-biologischen Abfallbehandlungsanlagen. 
Dissertation, FB 13, TU Darmstadt, 2002 
30,-- € 
WAR 138 Danhamer, Harald: 
Emissionsprognosemodell für Deponien mit mechanisch-biologisch vor-
behandelten Abfällen - Schwerpunkt: Modellierung des Gashaushaltes. 
Dissertation, FB 13, TU Darmstadt, 2002 
25,-- € 
WAR 139 Lieth, Sabine: 
Stickstoffelimination aus kommunalem Abwasser mit getauchten Fest-
betten nach Vorbehandlung mit HCR-Reaktoren. 
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WAR 140 Streit, Hans-Ulrich: 
Optimierung des Kombinationsbetriebs eines Advanced Oxidation Pro-
cess mit einer Stripp-Anlage zur Grundwassersanierung. 
Dissertation, FB 13, TU Darmstadt, 2002 
25,-- € 
WAR 141 Spura, Patrik: 
Ein Vergleich des anlagebezogenen tschechischen Luftreinehalterechts 
mit jenem der Europäischen Union vor dem Hintergrund des anstehen-
den Beitritts. 
Dissertation, Univ. Frankfurt a.M., 2002 
40,-- € 
WAR 142 Hilligardt, Jan: 
Nachhaltige Regionalentwicklung durch freiwillige regionale Kooperati-
on - Faktoren einer erfolgreichen Initiierung untersucht an der Region 
Starkenburg. 
Dissertation, FB 13, TU Darmstadt, 2002 
30,-- € 
WAR 143 Heiland, Peter: 
Vorsorgender Hochwasserschutz durch Raumordnung, interregionale 
Koopera- 
tion und ökonomischen Lastenausgleich. 
Dissertation, FB 13, TU Darmstadt, 2002 
vergriffen 
WAR 144 Dapp, Klaus: 
Informationsmanagement in der Planung am Beispiel des vorsorgenden 
Hochwasserschutzes. 
Dissertation, FB 13, TU Darmstadt, 2002 
25,-- € 
WAR 145 Schüler, Doris: 
Untersuchungen an der Technikumsanlage VERONA zur Bildung und 
zum Abbau von polyhalogenierten Dioxinen und Furanen und anderen 
Organohalo-genverbindungen in Verbrennungsprozessen. 
Dissertation, FB 13, TU Darmstadt, 2002 
25,-- € 
WAR 146 Grundwasserproblematik im Hessischen Ried : Eine unlösbare Aufgabe? 
65. Darmstädter Seminar -Wasserversorgung- am 23.10.2002 in Dar-
mstadt, 
TU Darmstadt, FB 13, 2002 
30,-- € 
WAR 147 Rückgewinnung von Phosphor aus Klärschlamm und Klärschlammasche. 
66. Darmstädter Seminar -Abwassertechnik- am 07.11.2002 in Dar-
mstadt, 
TU Darmstadt, FB 13, 2002 
35,-- € 
WAR 148 Schneider, Andreas: 
Role of LCA concepts at the Research and Development phase of a new 
process for waste treatment - The Trefoil Kiln process subject to IPPC 
and BAT requirements. 
Dissertation, FB 13, TU Darmstadt, 2002 
25,-- € 
WAR 149 Sonnenburg, Alexander: 
Untersuchungen zur Denitrifikation von Grundwasser in Schüttungen 
mit abbaubarem Trägermaterial. 
Dissertation, FB 13, TU Darmstadt, 2002 
vergriffen 
WAR 150 Emissionen aus der Abfallbehandlung. Energie - Emissionen – Messtech-
nik. 
67. Darmstädter Seminar -Abfalltechnik- am 13. Februar 2003 in Dar-
mstadt, 
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WAR 151 Rationalisierungsmaßnahmen in der Wasserversorgung. 
Umsetzungsstatus und künftige Entwicklungen. 
68. Darmstädter Seminar -Wasserversorgung- am 15. Oktober 2003 in 
Darmstadt, 
TU Darmstadt, FB 13, 2003 
vergriffen 
WAR 152 Verantwortungspartnerschaft beim vorsorgenden Hochwasserschutz. 
69. Darmstädter Seminar - Umwelt- und Raumplanung - am 16. Oktober 
2003 in Darmstadt, 
TU Darmstadt, FB 13, 2003 
vergriffen 
WAR 153 Biofiltration. Renaissance eines Verfahrens durch erhöhte Anforderun-
gen im In- und Ausland ? 
70. Darmstädter Seminar -Abwassertechnik- am 06. November 2003 in 
Darmstadt, 
TU Darmstadt, FB 13, 2003 
35,-- € 
WAR 154 Seiler, Kainan: 
Planung der Abwasserentsorgung im ländlichen Raum anhand von 
räumlichen Einflussfaktoren. 
Dissertation, FB 13, TU Darmstadt, 2004 
30,-- € 
WAR 155 Ludwig, Thomas: 
Entwicklung der Emissionsmessanlage DioxinCop 
Dissertation, FB 13, TU Darmstadt, 2004 
25,-- € 
WAR 156 Haffner, Yvonne: 
Sozialwissenschaftliche Modellierung zur Privatisierung der Wasserver-
sorgung. 
Dissertation, FB 2, TU Darmstadt, 2004 
vergriffen 
WAR 157 Geruch 
Messung – Wirkung – Minderung 
71. Darmstädter Seminar -Abfalltechnik- am 24. Juni 2004 in Darmstadt, 
TU Darmstadt, FB 13, 2004 
35,-- € 
WAR 158 Qualitätssicherung bei Wassergewinnungsanlagen. 
-Umsetzung und aktuelle Entwicklung im Regelwerk- 
72. Darmstädter Seminar –Wasserversorgung– am 06.10.2004 in Dar-
mstadt 
TU Darmstadt, 2004 
vergriffen 
WAR 159 Wasserwiederverwendung 
- eine ökologische und ökonomische Notwendigkeit wasserwirtschaftli-
cher Planung weltweit ? - 
73. Darmstädter Seminar –Abwassertechnik– am 04.11.2004 in Dar-
mstadt 
TU Darmstadt, 2004 
vergriffen 
WAR 160 Weil, Marcel: 
Ressourcenschonung und Umweltentlastung bei der Betonherstellung 
durch Nutzung von Bau- und Abbruchabfällen. 
Dissertation, FB 13, TU Darmstadt, 2004 
35,-- € 
WAR 161 Unendlicher Wachstum auf unendlicher Fläche ? 
74. Darmstädter Seminar –Umwelt- und Raumplanung– am 27.01.2005 
in Darmstadt 
TU Darmstadt, 2005 
vergriffen 
WAR 162 Gernuks, Marko: 
Entwicklung einer Methode zur Bewertung von Umweltaspekten mit der 
Ableitung von Umweltzielen im Rahmen von EMAS. 
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WAR 163 Rother, Elmar: 
Optimising Design and Operation of the Biofiltration Process for Munici-
pal Wastewater Treatment. 
Dissertation, FB 13, TU Darmstadt, 2005 
35,-- € 
WAR 164 Hilligardt, Jan: 
Regionale Kooperation der Landkreise, Städte und Gemeinden 
Stand – Potenziale – Perspektiven. 
Habilitation, FB 13, TU Darmstadt, 2005 
vergriffen 
WAR 165 Gramel, Stefan: 
Privatisierung von Wasserversorgungsunternehmen – Auswirkungen auf 
den Umwelt- und Ressourcenschutz? 
Dissertation, FB 13, TU Darmstadt, 2004 
35,-- € 
WAR 166 Krause, Stefan: 
Untersuchungen zum Energiebedarf von Membranbelebungsanlagen. 
Dissertation, FB 13, TU Darmstadt, 2005 
35,-- € 
WAR 167 Rückgewinnung von Phosphor aus Abwasser und Klärschlamm 
Konzepte - Verfahren - Entwicklungen 
75. Darmstädter Seminar –Abwassertechnik– am 12./13.12.2005 in 
Darmstadt 
TU Darmstadt, 2005 
vergriffen 
WAR 168 Hora, Maike: 
Abfallverursacher Elektrogeräte. Ansätze zur prospektiven Bilanzierung 
von Abfallströmen in der umweltgerechten Produktentwicklung. 
Dissertation, FB 13, TU Darmstadt, 2005 
30,-- € 
WAR 169 Zhang, Wensheng: 
Ökologische siedlungswasserwirtschaftliche Konzepte für urbane Räume 
Chinas unter Berücksichtigung deutscher Techniken und Erfahrungen. 
Dissertation, FB 13, TU Darmstadt, 2005 
30,-- € 
WAR 170 Steinberg, Iris: 
Untersuchungen zur Effizienzsteigerung von biologischen und nicht-
thermi-schen Abluftreinigungsverfahren bei der biologischen Abfallbe-
handlung. 
Dissertation, FB 13, TU Darmstadt, 2005 
30,-- € 
WAR 171 Haupter, Birgit: 
Transnationale Förderprogramme zur Raumentwicklung. Untersuchun-
gen zur Wirkung für die räumliche Planung zum Hochwasserschutz. 
Dissertation, FB 13, TU Darmstadt, 2006 
35,-- € 
WAR 172 Ott, Carsten: 
Straßenkehrichtentsorgung: Anlagenkonzept und Nachhaltigkeitsanaly-
se. 
Dissertation, FB 13, TU Darmstadt, 2006 
30,-- € 
WAR 173 1 Jahr Abfallablagerungsverordnung 
Wo bleibt der Müll? 
76. Darmstädter Seminar –Abfalltechnik– am 1.06.2006 in Darmstadt 
TU Darmstadt, 2006 
35,-- € 
WAR 174 Wachstumsregion – Handlungsansätze für mehr Nachhaltigkeit. 
77. Darmstädter Seminar –Umwelt- und Raumplanung– am 11.09.2006 
in Darmstadt 
TU Darmstadt, 2006 
30,-- € 
WAR 175 Interdisziplinarität in der Umwelt- und Raumplanung. 
- Theorie und Praxis - 
Festschrift für Professor Böhm 
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WAR 176 Neue maschinen- und verfahrenstechnische Möglichkeiten zur Einspa-
rung von Betriebskosten bei der Abwasserbehandlung. 
78. Darmstädter Seminar –Abwassertechnik– am 02.11.2006 in Dar-
mstadt 
TU Darmstadt, 2006 
35,-- € 
WAR 177 Einsparpotenziale in der Trinkwasserversorgung durch Optimierung von 
Wasserverteilungsnetzen. 
79. Darmstädter Seminar –Wasserversorgung– am 05.10.2006 in Dar-
mstadt 
TU Darmstadt, 2006 
30,-- € 
WAR 178 Meyer, Lutz: 
Exergiebasierte Untersuchung der Entstehung von Umweltbelastungen 
in Energieumwandlungsprozessen auf Komponentenebene: 
Exergoökologische Analyse. 
Dissertation, FB 13, TU Darmstadt, 2006 
35,-- 
WAR 179 Gasafi, Edgard: 
Entwicklung einer lebenswegbasierten Screening-Methode zur Entschei-
dungsunterstützung in frühen Phasen der Verfahrensentwicklung. 
Dissertation, FB 13, TU Darmstadt, 2006 
35,-- € 
WAR 180 Treskatis, Christoph: 
Bewirtschaftung von Grundwasserressourcen 
-Planung, Bau und Betrieb von Grundwasserfassungen-. 
Habilitation, FB 13, TU Darmstadt, 2006 
45,-- € 
WAR 181 Uihlein, Andreas: 
Modellierung der Kohlenstoffströme zur Untersuchung der Nutzung von 
Kohlenstoffträgern in Deutschland. 
Dissertation, FB 13, TU Darmstadt, 2006 
vergriffen 
WAR 182 den Boer, Emilia: 
A Novel Approach for Integrating Heavy Metals Emissions from Landfills 
into Life Cycle Assessment - Consideration of Waste Pretreatment, Land-
fill Processes and Long-Term Effects 
Dissertation, FB 13, TU Darmstadt, 2006 
30,-- € 
WAR 183 Klimawandel – Anpassungsstrategien in Deutschland und Europa. 
80. Darmstädter Seminar –Umwelt- und Raumplanung– am 29.03.2007 
in Darmstadt 
TU Darmstadt, 2007 
25,-- € 
WAR 184 Stephan, Henrik 
Bewertungsmethodik für Fertigungsverfahren im Karosseriebau aus Sicht 
des betrieblichen Umweltschutzes.  
Dissertation, FB 13, TU Darmstadt, 2007 
vergriffen  
WAR 185 Schaum, Christian A.: 
Verfahren für eine zukünftige Klärschlammbehandlung 
-Klärschlammkonditionierung und Rückgewinnung von Phosphor aus 
Klärschlammasche-.  
Dissertation, FB 13, TU Darmstadt, 2007 
35,-- € 
WAR 186 Rohde, Clemens: 
Milchsäurefermentation von biogenen  Abfällen. 
Dissertation, FB 13, TU Darmstadt, 2007 
35,-- € 
WAR 187 Risikoanalyse von Trinkwassereinzugsgebieten und Fassungen. 
81. Darmstädter Seminar -Wasserversorgung- am 11.10.2007 in Dar-
mstadt 
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WAR 188 Cangahuala Janampa, Ana: 
Wasserverlustmanagement in Wasserverteilungsanlagen in Entwick-
lungs- 
ländern am Beispiel von Peru. Anwendung verschiedener Methoden zur 
multikriteriellen Entscheidungsunterstützung. 
Dissertation, FB 13, TU Darmstadt, 2007 
vergriffen 
WAR 189 Pollmann, Olaf: 
Optimierung anthropogener Stoffströme am Beispiel des Papierrecyc-
lings. 
Dissertation, FB 13, TU Darmstadt, 2007 
vergriffen 
WAR 190 Wie sieht die Abwasserbehandlung der Zukunft aus? 
-vierte, fünfte, sechste Reinigungsstufe? 
82. Darmstädter Seminar -Abwassertechnik- am 15.11.2007 in Dar-
mstadt 
TU Darmstadt, 2007 
35,-- € 
WAR 191 Koffler, Christoph: 
Automobile Produkt-Ökobilanzierung. 
Dissertation, FB 13, TU Darmstadt, 2007 
35,-- € 
WAR 192 Koch, Michael: 
Untersuchungen zum Einfluss der Energiedissipationsdichte auf Reakti-
onsabläufe im "Highloaded Compact Reactor" (HCR®). 
Dissertation, FB 13, TU Darmstadt, 2007 
35,-- € 
WAR 193 Den Boer, Jan: 
Sustainability Assessment for Waste Management Planning - Develop-
ment and Alternative Use of the LCA-IWM Waste Management System 
Assessment Tool. 
Dissertation, FB 13, TU Darmstadt, 2007 
30,-- € 
WAR 194 Biogas 
Klimaretter oder Ressourcenverschwender 
83. Darmstädter Seminar -Abfalltechnik- am 11.12.2007 in Darmstadt 
TU Darmstadt, 2007 
vergriffen 
WAR 195 Scheck, Natalie: 
Die Strategische Umweltprüfung als Instrument zur Förderung einer 
nachhaltigen Entwicklung – Untersuchung am Beispiel der Regionalpla-
nung Südhessen. 
Dissertation, FB 13, TU Darmstadt, 2007 
30,-- € 
WAR 196 Klimawandel – Markt für Strategien und Technologien?! 
84. Darmstädter Seminar –Abfalltechnik und Umwelt- und Raumpla-
nung –  
am 26.06.2008 in Darmstadt 
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